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While civil infrastructure systems have played a pivotal role in the provision of essential 
services and facilities for human life and public society, weaknesses of the systems to natural and 
man-made hazards has emerged as a major public concern. As a way to improve the resilience and 
sustainability of the current and future infrastructure systems, utilization of new, smart materials 
such as shape memory alloy (SMA) in civil engineering application has been drawing keen 
attention of industry and academia. Among many, active confinement technique using SMA’s 
shape memory effect (SME) demonstrated a great potential in retrofitting and/or repairing 
seismically deficient RC bridge columns. In order to gain recognition as an effective seismic 
retrofit/repair strategy and systemize its application, however, it is necessary to thoroughly study 
the unique behavior of this new material and its impact on the performance of the structural system 
under diverse circumstances. In this research, three main objectives are established. First, a series 
of shake table test is carried out to investigate dynamic responses of SMA retrofitted/repaired RC 
columns. Two reduced scale (1/6th) RC cantilever columns retrofitted or repaired with SMA spirals 
at the plastic hinge zones are tested under bidirectional seismic excitations at varying levels of 
intensity. The dynamic testing is expected to show the realistic seismic behavior of the SMA 
confined RC columns which were not able to be captured in the previous quasi-static cyclic loading 
tests. Second, this research also numerically studies the seismic performance of a SMA retrofitted 
multiple frame bridge when subjected to sequences of main shock-aftershock ground motions. 
Beyond exploring the responses of the columns at the component level, the impact of retrofitting 
a single or multiple columns with different levels of confinement pressure on the overall 
performance of the bridge is studied including interactions with other bridge components such as 
abutments or expansion joints. Furthermore, the seismic damage status and post-earthquake 
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functionality of the SMA retrofitted bridge after multiple earthquake events are assessed. Lastly, 
an advanced evaluation method which effectively combines numerical and experimental 
approaches, named material testing incorporated (MTI) simulation is newly developed. In addition 
to seismic loading, this new method experimentally derives the realistic material behavior of 
SMAs at varying situations affected by chemical and/or thermal changes, and incorporates the 
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CHAPTER 1 INTRODUCTION 
1.1 PROBLEM STATEMENT 
Over the course of modern history, despite the advancements in structural engineering, 
strong earthquakes have resulted in massive economical and life losses due to the catastrophic 
failures of structures. Bridges are among the most critical components in the built infrastructure of 
modern societies. As among the primary load carrying bridge components, reinforced concrete 
(RC) bridge columns are required to sustain strong ground shaking while maintaining their 
structural integrity and post-earthquake functionality. That being said, historical earthquakes have 
revealed the vulnerabilities of many existing RC bridge columns designed prior to 1971 according 
to old seismic design provisions. These bridge columns were constructed with poor seismic 
detailing which does not meet the minimum level of safety requirement. One of the major problems 
that are often observed in these old RC columns is lack of flexural ductility, which is mainly 
attributed to insufficient transverse reinforcement that plays a key role in providing effective 
confinement of the concrete at the plastic hinge zones of the columns. Under the continuous threats 
of severe earthquakes, especially those involving strong sequential ground shaking, these 
vulnerable RC columns can pose a serious danger to the structural integrity and post-earthquake 
functionality of the bridge. Therefore, the importance of pre-earthquake retrofit and post-
earthquake emergency repair techniques to maintain and recover the structural integrity of these 
columns, respectively cannot be overemphasized. 
Recent earthquakes such as Northridge (1994), Chi-Chi (1999), Tohoku (2011), and 
Christchurch (2011) are good examples of major earthquake events with strong aftershocks. In 
those earthquakes, a series of seismic events occurred in an unpredictable time intervals that varied 
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from several minutes to days. On January 17, 1994, a strong seismic excitation with a moment 
magnitude (Mw) 6.7 occurred near Los Angeles as a main shock of the Northridge earthquake. 
While the main shock was followed by more than 10,000 aftershocks (Hauksson et al. 1995), the 
two largest aftershocks occurred about a minute and 11 hours after the main shock, respectively, 
and both recorded Mw greater than 6.0 (Thio and Kanamori 1996; Dreger 1997). During the Chi-
Chi earthquake sequence in Taiwan, a main shock of Mw 7.6 occurred on September 21, 1999. 
Among over 20,000 aftershocks followed for more than six months, the largest aftershock (Mw 
6.4) occurred on September 25, 1999 (Chi and Dreger 2002). The 2011 Tohoku earthquake, the 
most devastating earthquake recorded in Japan, had a main shock of Mw 9.0. Japan experienced 
over 1,000 aftershocks exceeding Mw 4.0 (Abdelnaby and Elnashai 2014). Especially, the three 
largest aftershocks occurred within 40 minutes after the main shock with Mw 7.4, 7.7 and 7.5 
(Hirose et al. 2001; Nishimura et al. 2011). In New Zealand, the main shock (Mw 6.2) of the 2011 
Christchurch hit the Canterbury region on February 22, 2011. Several aftershocks exceeding Mw 
4.0 occurred on the same day with time intervals ranging from several minutes to hours, and the 
largest aftershock (Mw 6.0) was reported on June 13, 2011 (Kaiser et al. 2012). The previous 
historical earthquakes have shown that, subjected to those impending and continuing earthquakes, 
RC bridge columns can experience serious structural degradations without adequate retrofit or 
repair procedure, which could eventually lead to total collapse.  
Great effort has been made over the last few decades to solve the problem of seismically 
deficient RC columns by providing lateral supplementary confinement for concrete. The two 
primary types of concrete confinement methods developed up to date are: 1) passive confinement 
and 2) active confinement. In the case of passive confinement, the confinement pressure is exerted 
due to the hoop stresses developing in the lateral reinforcement as a result of the lateral expansion 
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(dilation) of the concrete under loading (i.e. Poisson’s effect). Unlike passive confinement which 
inevitably entails a certain level of concrete damage, active confinement applies lateral 
prestressing pressure without the need for concrete dilation, and shows more enhanced capability 
in increasing concrete ductility and delaying damages under compression, compared to its passive 
confinement counterpart. Andrawes and Shin (2008) proposed and studied a new technique to 
apply active confinement using prestressed shape memory alloy (SMA) spirals/hoops. This novel 
method took advantage of the shape memory effect (SME), a heat-triggered phenomenon observed 
in a class of smart material known as SMAs to apply confinement. The capability of the SMA 
spirals to enhance or restore the seismic capacity of RC columns was even evaluated 
experimentally through quasi-static cyclic tests (Shin and Andrawes 2011a, 2011b). 
While the substantial influence of SMA confinement on the columns’ seismic capacity was 
proven in the quasi-static tests, such tests were unable to adequately derive the realistic dynamic 
responses of the columns under seismic excitations. The predetermined unidirectional 
displacement loading protocol of those tests is quite different from realistic multi-directional 
ground shakings. The seismic performance of the SMA confined columns would be more 
realistically assessed through a set of dynamic tests where the columns are directly excited by 
ground accelerations and inertial effect in real time. Also, the feasibility of the SMA confinement 
technique in rapidly and readily performing seismic retrofitting and emergency repair for RC 
columns under the imminent seismic threats needs to be investigated. To date, this new 
confinement technique has been studied at the component level. The impact of actively confining 
a single or multiple columns with different levels of confinement pressure on the overall seismic 
performance of a bridge system including the interaction with different bridge components is yet 
to be clearly understood. Further, it is not clear how the SMA confined bridge columns would 
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behave and affect the post-earthquake functionality of the bridge after undergoing strong, 
sequential ground shakings (e.g. main shock-aftershock sequence) which were commonly seen 
during previous seismic events such as the Chi-Chi (1999), Tohoku (2011), and Christchurch 
(2011) earthquakes.  
For this emerging technique to be fully accepted as an effective retrofit/repair strategy, it 
is crucial to have a strong grasp of its influence on the response of the bridge system in likely 
situations from a global prospective. On top of strong ground shakings, the vulnerability of the 
bridge system becomes more critical when it is exposed to varying conditions affected by radical 
chemical and/or thermal changes in its surrounding environment, especially when equipped with 
a relatively new material whose behavior was not sufficiently studied for civil engineering 
application such as SMAs. Construction materials under such extreme circumstances may be 
subjected to an excessive additional load or unexpected variations in their behavior which can 
greatly govern the structural performance at the component level, and eventually affect the global 
response of a structural system. In-depth understanding and accurate prediction of material 
behavior under those conditions represent integral part of the performance evaluation of the 
structural system. Many material models which have been extensively used in a variety of analysis 
platforms, however, are not able to fully capture such complex material behavior. It is also quite 
challenging to set up testing environments and perform multiple experimental tests in conventional 
ways, considering the cost and effort required to control testing devices and fabricate physical test 
specimens. Therefore, there is a need for a new advanced evaluation method which is capable of 
accurately assessing structural performance in the face of combined threats of natural and man-
made hazards by incorporating realistic material behavior in a cost effective way.  
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1.2 RESEARCH OBJECTIVES 
This research focused on broadening the knowledge pertinent to the application of SMA 
confinement technique in seismic retrofitting and repair of RC bridge columns under extreme 
earthquake loadings. The following three main objectives are addressed in this dissertation: 
 Investigating the dynamic response of SMA retrofitted/repaired RC columns through a 
series of shake table tests.  
 Understanding the impact of implementing the new SMA retrofit technique on the global 
seismic behavior of bridge systems including various bridge components (e.g. abutments, 
expansion joints, etc.).  
 Establishing a new experimental-numerical simulation framework, namely Material 
Testing Integrated (MTI) simulation, and utilizing it to explore the seismic performance of 
SMA retrofitted RC columns. 
To accomplish those objectives, current study utilized experimental tests, numerical 
simulations and a combination of both approaches. First, two reduced-scale RC column specimens 
were constructed, and dynamically tested under a set of bidirectional seismic loads. In each test 
run, input motions were scaled to attain specific target performance levels, and dynamic responses 
of the columns retrofitted and repaired using SMA spirals were studied. Based on obtained 
experimental results of the RC columns, computational models which characterize the responses 
of the SMA confined RC column were developed in the earthquake simulation software OpenSees 
(McKenna et al. 2000). Beyond the earthquake simulation of the reduced-scale RC columns at the 
component level, the study was extended to numerically analyze full-scale RC bridge system under 
sequential ground motions. Multi-frame RC bridges retrofitted with different levels of SMA 
confinement were numerically modeled in OpenSees, and subjected to main shock-aftershock 
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earthquake ground motions. Damage status on both local and global scales and functionality of the 
bridges under the sequential seismic loading were evaluated in relation to SMA retrofitting. 
Furthermore, to explore performance of SMA retrofitting in a more cost effective way without 
relying solely on costly experiments of large specimens or full numerical simulations, a new 
method which combines experimental testing of materials into conventional numerical simulation 
of a full structure was established. To demonstrate and validate the proposed concept, a framework 
which consists of simulation coordinator, finite element analysis (FEA) program and material test 
data of concrete was constructed and used in MTI simulation of a SMA retrofitted RC bridge 
column previously tested under quasi-static cyclic loading. MTI simulation was further utilized to 
investigate seismic performance of 1) RC cantilever columns retrofitted with SMA or steel spirals 
and 2) RC bridges supported by high strength concrete (HSC) columns confined with FRP wraps 
and/or SMA spirals. 
1.3 DOCUMENT OUTLINE 
Current dissertation is composed of the following chapters: 
Chapter 1 highlights the motivation of the current research and presents the research 
objectives. 
Chapter 2 presents literature review on concrete confinement techniques (passive and 
active) and previous studies on SMA confinement. Evolution and implementations of pseudo-
dynamic hybrid simulation are also reviewed. 
Chapter 3 presents experimental study of a series of shake table tests carried out to 
investigate dynamic responses of RC columns retrofitted/repaired with NiTiNb SMA spirals. 
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Chapter 4 covers numerical study of a multi-frame RC bridge system retrofitted with SMA 
spirals, and assesses post-earthquake functionality and damage status of the bridge system under 
sequential seismic excitations.  
Chapter 5 discusses conceptual background of MTI simulation and development of a new 
framework. The proposed concept is validated through comparison with the previous RC column 
test results. 
Chapter 6 investigates seismic performance of RC bridge columns and RC bridge systems 
equipped with different types of concrete confinement by applying MTI simulation and 
incorporating previous test data of concrete cylinders. 









CHAPTER 2 LITERATURE REVEIW 
2.1 CONCRETE CONFINEMENT TECHNIQUES 
The existence of old RC bridge columns with poor seismic detailing has motivated many 
researchers to focus on the development of various external supplemental confinement techniques 
to promote ductile behavior of the columns. Depending on the mechanism through which lateral 
confining pressure is triggered, the confinement techniques can be divided into passive 
confinement and active confinement. Passive confinement which is the more commonly used 
approach primarily relies on the lateral expansion (dilation) of the axially loaded concrete due to 
Poisson’s effect. On the other hand, active confinement provides continuous prestressing pressure 
throughout the structure’s service life without requiring the lateral expansion of the concrete. 
Studies on the development and implementation of both confinement techniques are addressed in 
this chapter. 
2.1.1 Passive Confinement  
2.1.1.1 Steel reinforcement 
One of the early works exploring the effect of transverse steel reinforcement on concrete 
behavior was conducted by Richart et al. (1929). Richart et al. (1929) carried out compression tests 
of circular concrete columns (254 mm × 1016 mm) confined with external steel spirals. Six 
different confinement groups were considered by applying different types and amounts of spirals. 
The tested columns showed increased compressive strength in relation to the applied lateral 
compressive pressure.  
Ahmad and Shah (1982) experimentally studied stress-strain responses of spirally confined 
concrete, taking into account the effect of compressive strength of concrete, yield strength of steel 
9 
 
spiral and spacing of spiral. While the confined specimens exhibited enhanced peak strength and 
post-peak behavior, the confinement was less effective for concrete with increased strength or 
lightweight aggregate. Based on the experimental results, theoretical stress-strain model of 
confined concrete was developed.  
Scott et al. (1982) carried out experimental testing of square RC columns (450 mm × 450 
mm × 1200 mm) confined with internal steel hoops under concentric or eccentric loading applied 
at different strain rates. The authors concluded that the increment both in volumetric ratio of the 
steel hoops and longitudinal strain rate contributed to greater compressive strength of the confined 
concrete, higher longitudinal strain at initial fracture of the hoops and more gradual slope of the 
post-peak behavior. The use of larger hoop diameter and increased hoop spacing, however, 
reduced the confinement effect. They also proposed an approach to estimate the ultimate strain of 
confined concrete as a function of the yield strength and volumetric ratio of steel hoops.  
Mander et al. (1988a) developed a generalized stress-strain model of confined concrete 
which encompasses the effect of different types of transverse reinforcement into effective 
confinement pressure. By utilizing an energy balance approach which assumes that energy stored 
in confined section corresponds to the strain energy capacity of transverse reinforcement, the 
ultimate state of confined concrete was predicted. Circular and square RC columns and rectangular 
RC walls with various reinforcement configurations were tested under concentric compressive 
loading by Mander et al. (1988b), and experimental results were compared with the proposed 
theoretical model. 
The concept of applying external steel jacket has been also widely considered to enhance 
performance of RC columns.  Chai et al. (1991) proposed and experimentally studied the use of 
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bonded steel jackets to enhance flexural performance of circular RC columns. The proposed 
retrofit scheme used steel jackets to confine the plastic hinge regions of the RC columns and the 
gap between the column and jacket was grout-filled. Test results of six circular RC columns (607 
mm × 3658 mm) including three retrofitted columns under lateral cyclic loading indicated that 
steel jacketing was effective in preventing bond failure of lap-spliced reinforcing bars and crushing 
of concrete, eventually improving the deformation capacity of the deficient columns.  
Priestley et al. (1994a, 1994b) performed theoretical and experimental studies on the 
application of circular and elliptical steel jackets to retrofit circular and rectangular RC columns, 
respectively (see Fig. 2.1). After conducting lateral cyclic loading tests on fourteen large-scale RC 
columns, the authors concluded that the steel jackets contributed to stable and ductile hysteretic 
responses of the RC columns which showed brittle failure in early stages of the tests in the as-built 
condition.  
 
Figure 2.1 Elliptical steel jacket to retrofit rectangular columns (Priestley et al. 1994a). 
Daudey and Filiatrault (2000) also experimentally investigated seismic retrofitting of RC 
columns with a grooved rectangular section (see Fig. 2.2). Five RC columns were retrofitted with 
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circular and elliptical steel jackets and tested under lateral cyclic loading. The retrofitted columns 
exhibited enhanced hysteretic responses with higher flexural ductility compared to the as-built 
columns.  
 
Figure 2.2 Use of circular and elliptical steel jackets to confine non-circular RC columns (Daudey 
and Filiatrault 2000). 
Xiao and Wu (2003) proposed a steel jacketing strategy using steel plates and stiffeners 
welded together in performing retrofitting of square RC columns. Fig. 2.3 shows supplementary 
stiffeners in various forms used in experimental testing of square RC columns. Test results 
revealed that the added stiffeners helped increase the confinement effect and lateral load carrying 




Figure 2.3 Steel jacketing strategies using welded steel plates and stiffeners (Xiao and Wu 2003). 
Li et al. (2005) tested concrete cylinders confined with external steel jackets with different 
thickness along with various forms of internal reinforcements to develop a constitutive model of 
confined concrete. 
2.1.1.2 Fiber reinforced polymer (FRP) reinforcement 
Installation of fiber reinforced polymer (FRP) jacket or strand is also widely used in the 
passive confinement application due to the high strength-to-weight ratio and excellent corrosion 
resistant of FRP. Fardis and Khalili (1981) carried out experimental testing of concrete cylinders 
encased with glass-FRP (GFRP). High strength and ductility were observed for the GFRP confined 
concrete cylinders when loaded in uniaxial compression.  
Katsumata et al. (1988) applied carbon fibers in the form of continuous spirals to strengthen 
the lateral load capacity of the RC columns. RC columns retrofitted with different amount of fiber 
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spirals were tested under lateral cyclic loading, and exhibited increased lateral deformation and 
energy absorption capacities in proportion to the amount of the applied fibers.  
Saadatmanesh et al. (1994) proposed analytical stress-strain models predicting the strength 
and ductility of FRP confined columns. The analytical study indicated that RC columns retrofitted 
with carbon fiber straps showed higher axial loading and ductility capacities compared to columns 
with E-glass straps. Saadatmanesh et al. (1996, 1997a, 1997b) also experimentally investigated the 
earthquake resistant capacity of circular and rectangular RC columns retrofitted/repaired with E-
glass FRP straps (see Fig. 2.4) in the plastic hinge region. The FRP retrofitting enabled both 
circular and rectangular RC columns to achieve higher lateral strength and displacement ductility 
with stable hysteretic responses.  
 
Figure 2.4 Prefabricated FRP straps used in column repair (Saadatmanesh et al. 1997b). 
Toutanji (1999) performed experimental and analytical studies on behaviors of concrete 
cylinders (76 mm ×305 mm) confined with carbon and glass FRP wraps. While both FRP materials 
enhanced the behaviors of the concrete cylinders in terms of strength, ductility and energy 
dissipation, carbon FRP wrap which provided greater lateral pressure achieved higher concrete 
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strength compared to glass FRP wrap. The obtained responses of the specimens were utilized to 
construct stress-strain model of FRP confined concrete.  
Haroun and Elsanadedy (2005) experimentally studied the use of carbon and glass FRP 
jackets to improve vulnerable responses of RC columns associated with insufficient lap-splice 
length in the plastic hinge region. Three as-built and ten FRP retrofitted columns were tested under 
inelastic cyclic lateral loading. While the FRP jackets were quite effective in increasing flexural 
ductility of the circular columns, limited improvement was seen for the columns with square 
section.  
Xiao and Wu (2000) studied responses of carbon-FRP (CFRP) confined concrete cylinders 
under monotonic compressive loading, considering different CFRP thickness and concrete 
strength. Concrete showed increased strength and ductility with the CFRP wrapping. Failure 
occurred due to the rupture of FRP. The confined concrete exhibited bilinear stress-strain 
responses with varying slopes of the second phase depending on the level of confinement. 
Empirical equation of the stress-strain curve was attained based on the experimental results.  
Lam and Teng (2003) developed a simple stress-strain model of FRP confined concrete 
based on experimental results of 76 previous tests. This model included important characteristics 
of the FRP confined concrete responses such as actual rupture strain of FRP, sufficiency of FRP 
jacket for strength increment, and impact of FRP stiffness on the ultimate state of confined 
concrete.  
Mirmiran and Shahawy (1996) suggested a concept of using prefabricated FRP tube which 
can serve as confinement jacket and formwork for concrete columns (see Fig. 2.5). Since multiple 
fiber layers alternately placed in the circumferential and longitudinal directions, this FRP tube 
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served as longitudinal reinforcement for the columns in addition to providing lateral confinement. 
Concrete cylinders encased with prefabricated FRP tubes were tested under uniaxial compression 
by Mirmiran and Shahawy (1997). The tested concrete cylinders showed bilinear stress-strain 
relationships along with improvement both in strength and ductility when encased with FRP tubes.  
 
Figure 2.5 Prefabricated FRP tube for RC columns (Mirmiran and Shahawy 1996). 
2.1.2 Active Confinement 
One of the early works which stimulated vibrant research activities in the field of active 
confinement is the study conducted by Richart et al. (1928) who investigated the behavior of 
concrete cylinders under triaxial stress state using a triaxial pressure vessel (see Fig. 2.6). Concrete 
cylinders with different compressive strength were subjected to axial compression along with a 
wide range of lateral pressure varied even greater than 600% of the compressive strength in the 
unconfined condition. The authors found that the strength of the confined concrete increased by 
about 4.1 times the amount of the applied lateral pressure, and that the axial deformation of the 
confined concrete cylinders at the peak force greatly increased ranging from 0.5% to 7% of the 




Figure 2.6 Schematic drawing of a triaxial testing device (Richart et al. 1928). 
 Experimental studies on concrete behavior under confining pressure in multiple directions 
followed by subjecting concrete cylinders, cubes or plates to biaxial and/or triaxial loading 
condition(s) using a triaxial pressure vessel (Hobbs 1971; Attard and Setunge 1996; Imran and 
Pantazopoulou 1996) or a triaxial testing machine (Wang et al. 1987; Kupfer et al. 1969; Mills and 
Zimmerman 1970; Launay and Gachon 1972; Lan and Guo 1997).  
Remarkable performance of active confinement to enhance compressive behavior of 
concrete and mitigate concrete damage has attracted great attention in academia. Many researchers 
attempted to utilize active confinement as a way to increase the seismic capacity of RC columns, 
and one of the most widely used methods to apply active confinement pressure is to use 
prestressing materials such as steel strands or FRP straps. Saaticoglu and Yalcin (2003) used 
external prestressing strands to actively confine full-scale circular and rectangular RC columns 
and performed lateral cyclic loading test (see Fig. 2.7). Seven-wire steel strands wrapped around 
the columns were prestressed by using a hydraulic jack and secured using twisted ring anchors. 
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The test results showed that the proposed active confinement technique enhanced the flexural 
ductility and prevented the shear failure of the columns.  
  
                                 (a)                            (b) 
Figure 2.7 Application of active confinement using prestressed strands to retrofit square columns: 
(a) Retrofitted RC column and (b) cross section of the column (Saaticoglu and Yalcin 2003). 
Furthermore, attempts were made to actively confine RC columns using prestressed FRP 
belts/straps (Nesheli and Meguro 2006; Nakada and Yamakawa 2008). In a retrofitting technique 
proposed by Nesheli and Meguro (2006), two different types of prestressed FRP belts made of 
carbon and aramid FRP composite were wrapped around square RC columns (see Fig. 2.8). 
Prestressing of FRP belts was applied by tightening screw bolts connecting steel blocks where 
FRP belts were attached. The retrofitted columns exhibited improved flexural ductility and shear 





Figure 2.8 Prestressed FRP belts using (a) carbon fiber and (b) aramid fiber (Nesheli and Meguro 
2006).  
Nakada and Yamakawa (2008) also used prestressed aramid fiber belts to actively confine 
square columns which were tested under axial compressive loading. Active confinement using the 
aramid fiber belts contributed to improving the concrete’s compressive strength and post peak 
behavior. Although the effectiveness of active confinement has been demonstrated in many 
experimental studies, those techniques have not been widely used in the field. This could be 
attributed mainly to the excessive mechanical hardware, labor and time needed to apply sufficient 
prestressing force in the field. To resolve the issues associated with the application of active 
confinement, researchers sought alternative ways for applying active confinement using 
unconventional materials. For example, Saadatmanesh et al. (1996, 1997a, 1997b) attempted to 
apply active confinement in retrofitting and repairing of RC columns using oversized FRP straps 
and pressurized resin epoxy. Yan et al. (2005) utilized expansion of cementitious material confined 
by prefabricated FRP jackets as a result of chemical reaction to actively confine rectangular or 
square RC columns. Krstulovic-Opara and Thiedeman (2000) combined SMA fibers with high 




2.1.3 Shape Memory Alloy Confinement 
Over the last two decades, the application of SMAs in civil structures has gained great 
interest, thanks to their unique thermomechanical characteristics, namely shape memory effect 
(SME) and superelasticity (Dolce et al. 2000; DesRoches 2004; Saiidi et al. 2007; Nehdi et al. 
2010; Wierschem and Andrawes 2010; Miller et al. 2012; Zafar and Andrawes 2013; Shajil et al. 
2013 among many others). One of the emerging potential applications of SMA in concrete 
structures is the use of SMA to provide active confinement for concrete. Andrawes and Shin (2008) 
proposed and studied the idea of using thermally prestressed SMA rings to actively confine 
concrete. The idea of using SMAs in providing active confinement for concrete is based on 
utilizing the large recovery stress (prestress) associated with the SME of prestrained SMAs when 
subjected to heating. Fig. 2.9 illustrates how the SME is thermally triggered, as a consequence of 
the atomic phase transformation from the martensite phase to the austenite phase. As illustrated in 
Fig. 2.9(a), when SMA remains below the martensite finish temperature (𝑀𝑓), it is fully in the 
martensite phase. The SMAs start to transform to the austenite phase at the austenite start 
temperature (𝐴𝑠 ) and become fully austenite above the austenite finish temperature (𝐴𝑓 ). As 
depicted in Fig. 2.9(b), in its martensite phase, SMA experiences large residual strain when 
unloaded after being excessively deformed. When the alloy is heated above 𝐴𝑓 , the SME is 
triggered and the SMA recovers its original shape. If the SMA is constrained and not able to 
recover its original shape, a large recovery stress (prestress) would develop in the material and 




(a) Thermal hysteresis (b) Thermomechanical behavior 
Figure 2.9 Thermal hysteresis and thermomechanical behavior of SMAs. 
 Shin and Andarwes (2010) carried out an experimental study to explore the compressive 
behavior of concrete confined with SMA sprials. Prestrained NiTiNb SMA wires were applied to 
a concrete cylinder in the form of continuous spirals and heated to provide active confinement (see 
Fig. 2.10). The performance of the SMA confinement was compared with that of GFRP and hybrid 
(GFRP-SMA) confinement methods. The experimental study revealed that while both active and 
passive confinement improved the compressive behavior of concrete, the SMA spirals showed 
superior capability to the GFRP wraps in increasing the ultimate strain of concrete. The responses 
of concrete with the hybrid confinement proved that even small amount of SMA spirals greatly 





        (a)                                    (b) 
Figure 2.10 Application of active confinement using SMA spirals: (a) prestrained SMA spirals 
wrapped around the concrete cylinder and (b) thermally triggered active confinement pressure. 
The capability of NiTiNb SMA spirals to enhance the seismic capacity of RC columns was 
investigated experimentally by Shin and Andrawes (2011a). Four circular cantilever columns with 
insufficient transverse reinforcement were constructed, and three of them were retrofitted at the 
plastic hinge with SMA spirals, GFRP wraps and SMA spirals/GFRP wraps (see Fig. 2.11). Under 
the cyclic loading applied quasi-statically, the SMA retrofitted column achieved considerably 
enhanced flexural ductility and energy absorption, compared to the passively confined column 
with the GFRP only. The column with the hybrid confinement also exhibited ductile responses 
with stable hysteretic loops comparable to those of the SMA confined column. Shin and Andrawes 
(2011b) also explored the use of SMA active confinement technique to repair severely damaged 
RC columns. The plastic hinge region of the columns which experienced severe crushing core 
concrete and rupture of longitudinal reinforcing bars was repaired and actively confined with SMA 
spirals within 15 hours. Subjected to lateral cyclic loading, the repaired RC columns fully 
recovered their lateral strength and showed enhanced flexural ductility. Further, Shin and 
Andrawes (2012) developed an analytical model to validate the response of the SMA confined 
column, and analytically explored the effectiveness of the SMA confinement for columns with 
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various parametric conditions. The authors concluded that SMA’s active confinement pressure of 
about 1.38 MPa is sufficient to attain highly ductile responses for the RC columns considered in 
the study.  
 
Figure 2.11 Testing of RC columns retrofitted with different confinement methods (Shin and 
Andrawes 2011a).  
The previous experimental studies have demonstrated that the SMA confinement has far 
better performance than the conventional passive confinement in improving behavior of concrete 
at both material and component levels. The concrete cylinders confined with the SMA spirals 
exhibited ultimate compressive strain about 8 to 10 times higher than those confined with GFRP 
warps (Shin and Andrawes 2010) and about 110% to 135% higher than those confined with steel 
wires (Chen 2015). Furthermore, the cantilever RC column retrofitted with SMA spirals achieved 
displacement ductility (𝜇𝑑) of 8 which was about 242% greater than that of GFRP confined RC 
column (Shin and Andrawes 2011a). Another advantage of the SMA confinement technique lies 
in its easy and fast implementation. Once SMA wires are wrapped around critical regions of a 
concrete column, an instant heat application less than a minute using a torch or a simple electric 
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device is sufficient to trigger the confinement effect. Therefore, this SMA-based technique is 
highly desirable in an imminent earthquake situation, compared to traditional FRP confinement 
which may take up to several days for curing of resins under ambient climate conditions. 
Furthermore, the fact that SMA confinement is thermally activated, makes it superior to other 
active confinement techniques in that it does not require special tools and excessive labor, which 
are typically needed to apply active confinement pressure in a conventional mechanical manner. 
Besides NiTiNb SMA wires, Choi et al. (2010) explored the use of NiTi SMA wires, which 
have a relatively narrow thermal hysteresis, for concrete confinement. They investigated recovery 
and residual stresses of NiTi SMA and NiTiNb SMA wires, and carried out uniaxial compression 
tests of concrete cylinders confined with the two types of SMA wires. Choi et al. (2012) also used 
NiTi SMA and NiTiNb SMA wires in seismic retrofitting of lap-spliced RC columns, and tested 
the columns under quasi-static lateral cyclic loading. Experimental results indicated that, compared 
to NiTi SMA wires, NiTiNb SMA wires showed higher residual stress and better performance in 
terms of increasing the ductility of the columns. 
On the material level, Dommer and Andrawes (2012) conducted experimental tests on 
prestressed NiTiNb SMA wires to investigated their thermomechanical behavior under various 
loading conditions and the suitability of this type of alloy for seismic retrofitting of RC columns 
(see Fig. 2.12). From the test results it was shown that the NiTiNb wires exhibited excellent shape 
memory effect and stable recovery stress under a wide range of temperature from –10 ˚C to 55 ˚C. 
Although nonlinear behavior of the wires under cyclic loading caused slight reduction in the 





Figure 2.12 Investigation of thermomechanical behavior of NiTiNb alloys: (a) test setup in a 
thermal chamber and (b) cyclic stress-strain responses under different ambient temperatures 
(Dommer and Andrawes 2012).  
 Aggressive chemical conditions are another important factor that need to be taken into 
account since they can cause serious degradation of metallic materials and compromise structural 
integrity of civil infrastructures. To investigate the durability and long-term performance of the 
SMA confinement technique, Zhao and Andarwes (2017) studied mechanical behaviors of NiTiNb 
wires under harsh corrosive conditions. In this experimental study, NiTiNb wires were subjected 
to an accelerated corrosion test protocol through repeated wet-dry cycles in 3.5% NaCl solution, 
and corrosion status of the specimens was continuously monitored. From the test, the NiTiNb wires 
exhibited much higher corrosion resistance than carbon steel wires which experienced serious 
surface deterioration under the identical corrosive conditions. It was revealed that passive film 
(oxide layer) developed on the surface of NiTiNb wires played a crucial role in protecting the 
NiTiNb material from corrosion. The NiTiNb wires adequately protected by the passive film 
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successfully maintained their prestressing capability and mechanical properties after experiencing 
the harsh chemical attacks.  
 Studies on the corrosion resistance of NiTi-based SMAs for other engineering applications 
have been also conducted, especially in the biomedical area. Those studies mainly focused on 
corrosion behaviors, chemical compositions and surface treatment of NiTi-based alloys to 
investigate their biocompatibility in human body (Rondelli et al. 1990; Rondelli 1996; Thierry et 
al. 2000; Starosvetsky and Gotman 2001; Pun and Berzins 2008; Vojtech et al. 2010 among many 
others). Corrosion behaviors of other types of SMAs were studied as well. Montecinos and 
Simison (2011) studied the impact of microstructure on the corrosion behavior of Cu-Al-Be alloys 
to explore their implementation in seismic dampers in a marine environment. The Cu-Al-Be alloy 
was fabricated as 15 mm diameter bars and immersed in 3.5% NaCl solution with various exposure 
durations (10 minutes ~ 40 days) at a room temperature. The experimental result revealed that the 
alloy with two phase (β + γ2) microstructure showed better corrosion resistance than that of the 
single phase (β) Cu-Al-Be alloy. Söderberg et al. (1999) experimentally investigated the effects of 
chemical composition and training process of Fe-Mn-Si-Cr-Ni alloys on their corrosion behavior. 
The study revealed that while the higher Cr and lower Mn contents achieved enhanced corrosion 
resistance, it decreased the shape memory effect of the alloys. On the other hand, the cold rolling 
training process conducted for the alloys reduced their corrosion resistance. Della Rovere et al. 
(2012) also studied characteristics of passive films developed on the surface of Fe-Mn-Si-Cr-Ni-
(Co) alloys. They found that a high content of Si existed in the passive films and greatly contributed 
to the protectiveness of the films through the incorporation with Cr oxyhydroxide. 
More recently, Chen and Andrawes (2017a) performed uniaxial compression testing of 
concrete cylinders under monotonic and cyclic loading to obtain in-depth understanding of 
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behavior of actively confined concrete. Concrete cylinders with various compressive strength were 
subjected to different levels of confinement pressure from 0.91 to 3.92 MPa provided by NiTiNb 
alloy wires (see Fig. 2.13). The experimental tests results showed the characteristics of the SMA 
confined concrete under varying confinement levels, including peak stress, ultimate strain, residual 
stress and damage propagation. Based on this experimental work, the authors proposed an 
empirical stress-strain model of concrete confined with NiTiNb alloys, reflecting those 
characteristics of the SMA confined concrete. 
 
Figure 2.13 Concrete cylinders confined with NiTiNb alloy spirals at varying spacing (Chen and 
Andrawes 2017a).   
The test results of the concrete cylinders obtained by Chen and Andrawes (2017a) were 
further utilized to develop a plasticity-based model of SMA confined concrete which incorporated 
yield criterion, hardening/softening function and flow rule (Chen and Andrawes 2017b). This 
model is capable of better describing the 3-D stress-strain behavior of NiTiNb alloy confined 
concrete, considering the nature of SMA confinement which relies on both active confinement 
thermally triggered and passive confinement associated with dilation of concrete. Based on this 3-
D constitutive model, 1-D stress-strain relationship of NiTiNb alloy confined concrete was derived 
and constructed as uniaxial material (Chen 2015), namely, ‘ConcreteSMA’ in OpenSees, which 
27 
 
can be simply used in computational modeling and performance evaluation of RC columns 
confined with NiTiNb alloy spirals.  
Studies on the application of active confinement were further extended for different types 
of concrete sections and SMA materials. Chen et al. (2014a) studied the use of active confinement 
technique for non-circular concrete elements through uniaxial compression tests of concrete prisms 
confined by SMA wires and steel tubes (see Fig. 2.14). Two different configurations of SMA 
confinement adopted in this experimental study showed substantially enhanced performance in 
delaying dilation and stiffness degradation of concrete, and increasing ultimate compressive strain, 
compared to the conventional FRP confinement. Chen et al. (2014b) also examined the feasibility 
of using iron-based SMA material as a more cost-effective option, in comparison to NiTiNb alloy, 
to provide active confinement. Thermomechanical behaviors of FeNiCoTi alloy wires were 
experimentally investigated from a variety of perspectives such as transformation temperatures 
with wide thermal hysteresis suitable for civil engineering applications, and consistency in 
generating recovery stress under mechanical and thermal cyclic loading. 
 
Figure 2.14 SMA confinement schemes for square concrete section (Chen et al. 2014c).   
Although NiTi-based SMAs have demonstrated great potential as a new concrete 
confinement material, actual field deployment has been limited partially due to their prohibitively 
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high material costs compared to conventional construction materials. Considerable efforts have 
been made in both academia and industry to study and enhance the cost effectiveness of using 
SMAs in civil structures and their future prospect. Shin (2012) carried out a cost analysis study 
exploring the economic feasibility of the SMA confinement as a new retrofit technique for RC 
bridge columns in comparison with conventional FRP confinement. In this study, numerical 
analysis was first performed for RC bridge columns retrofitted with NiTiNb alloy wires and GFRP 
jackets. For columns with various diameters (762 ~ 1524 mm), the amount of confinement 
materials achieving comparable target ductility level was estimated, and corresponding material 
cost was assessed based on unit prices of each material. According to the cost analysis, it was 
found that the required material cost of SMA wires would be comparable to or less than those of 
GFRP jackets. The study indicated that RC columns can be more efficiently retrofitted with smaller 
amount of material by utilizing SMA’s active confinement effect. The simple installation 
procedure of the SMA confinement technique, which requires less time and labor, is expected to 
make it more cost effective in actual field applications than conventional FRP confinement 
method.  
With the growing interest of industry in innovative materials and various research findings 
supporting their effectiveness, NiTi-based SMAs started to be implemented in the construction of 
new bridge columns. In the connection bridge of SR 99 Alaskan Way Viaduct currently being 
constructed in Seattle, Washington, superelastic SMA bars are used as a longitudinal 
reinforcement in the plastic hinge regions of bridge columns in place of conventional steel bars 
(Baker et al. 2018; Tazarv and Alam 2018; Ge and Saiidi 2018). Although the use of SMA bars 
increased overall construction cost, it was sought as a worthwhile investment, which would help 
mitigate potential losses resulting from future earthquakes. Furthermore, the prices of NiTi-based 
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alloys have shown a clear decreasing trend over the last two decades from above $1000/kg to 
below $150/kg (Alam et al. 2007), making them more economically feasible. In addition, other 
types of SMAs such as iron-based alloys have been investigated for civil engineering applications, 
and are becoming commercially available at much cheaper prices. Especially, FeMnSi-based 
alloys were extensively studied and implemented for repair and/or strengthening of RC members 
(Soroushian et al. 2001; Li et al. 2013; Cladera et al. 2014; Czaderski et al. 2014; Shahverdi et al. 
2016; Hosseini et al. 2018). Also, the price of FeMnSiCr alloys, for example, is known to be only 
1/8 to 1/12 of that of NiTi-based alloys (Janke et al. 2005). It is expected that field application of 
SMA-based technologies including the SMA confinement technique will be more feasible and cost 
effective in the near future.  
2.2 HYBRID SIMULATION 
A new simulation method which will be addressed later on in this dissertation, referred to 
as material testing integrated (MTI) simulation, has many common features with conventional 
hybrid simulation conceptually and technically in that both methods utilize benefits of physical 
testing of specimens and numerical simulation of computational models representing the 
remainder of a structural system. To better understand the concept and characteristics of MTI 
simulation, it is worth presenting brief background on the concept of hybrid simulation and review 
of the literature related to development of hybrid simulation and its implementation in civil 
engineering applications.  
2.2.1 Background and Development 
The origin of hybrid simulation can be found from a study conducted by Japanese 
researchers (Hakuno et al. 1969) who experimentally investigated responses of a cantilever beam 
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under seismic loading. Without relying on a shake table, dynamic responses of the single-degree-
of-freedom (SDOF) system were predicted by using an analog computer and an electromagnetic 
actuator as a dynamic equation of motion solver and a loading device, respectively. Since then, 
early studies on this new type of experimental method have been actively performed by many 
researchers mostly in Japan and the United States (Takanashi et al. 1975; Takanashi and 
Nakashima 1987; Mahin et al. 1989; Shing et al. 1996 among many others). Fig. 2.15 schematically 
shows how physical testing can be carried out in hybrid simulation. Because the seismic loading 
is simulated and applied through quasi-static loading tests, this method has been known as pseudo-
dynamic hybrid simulation.  
 
Figure 2.15 Basic procedure of hybrid simulation testing for a SDOF system. 
One of the main features that differentiates hybrid simulation from conventional 
experimental techniques such as quasi-static loading tests or shake table tests is that the structural 
system is idealized as a discrete spring-mass system whose responses are described by second 
order differential equations, i.e. equation of motion. Mass and viscous damping properties, and 
associated force components are computationally assumed within the system model. Ground 
accelerations are also applied through the equation of motion. On the other hand, restoring forces 
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are experimentally measured from testing of physical specimens subjected to quasi-static loading 
and incorporated in the equation of motion. As the equation of motion is solved at each time step 
through time integration, the hybrid simulation test replicates displacement history imposed to the 
structure as if the structure is dynamically loaded. Fig. 2.16 illustrates schematic data flow within 
the framework of hybrid simulation. Unlike conventional quasi-static loading tests which follow a 
predefined loading protocol, hybrid simulation is capable of deriving realistic and complex 
structural responses under a specific earthquake loading. The role of the hybrid simulation method 
is extended to more in-depth seismic performance evaluation of the structure beyond estimation 
of seismic capacity. Furthermore, although it is seen that shake table tests can induce the most 
realistic dynamic response of a structure, hybrid simulation has several advantages over shake 
table tests. First, quasi-static loading of the hybrid simulation tests enables testing of larger 
specimens because loading devices can typically achieve the greater force capacity at a slower 
loading rate, typically. Therefore, impact of using scaled specimens on test results will be 
minimized, and both global response and the onset of damage initiated at local level will be well 
captured. Another benefit from the slower loading rate is that researchers have better chances to 
monitor the behavior of specimens and propagation of structural damages with the freedom to 




Figure 2.16 Basic algorithm of hybrid simulation (Takanashi and Nakashima 1987). 
2.2.2 Time Integration Scheme and Substructuring Technique 
Considering that physical testing is simultaneously conducted in conjunction with 
numerical time integration of equation of motion, selection of the proper time integration algorithm 
in hybrid simulation is quite important. Time integration schemes used in hybrid simulation fall 
into two main categories: Explicit and implicit. Explicit integration schemes were widely used in 
early applications of pseudo-dynamic hybrid simulation (Tanaka 1975; Mahin and Shing 1985; 
Shing and Mahin 1984, 1985). The explicit integration schemes are conditionally stable and 
relatively simple without requiring formulation of tangent stiffness as is the case of the linear 
acceleration method used by Takanashi et al. (1974). However, these explicit schemes are not 
suitable for multi-degree-of-freedom (MDOF) systems since experimental errors associated with 
the higher modes of MDOF systems may occur. On the other hand, implicit integration schemes 
are unconditionally stable and can deal with experimental errors better. However, one of the 
intrinsic problems of implicit integrations is that they generally require iterations for a non-linear 
structural system, which is undesirable for specimens with path-dependent hysteretic behavior. To 
overcome this issue, several alternative methods were developed. Nakashima et al. (1990) 
proposed the Operator Splitting (OS) method which is unconditionally stable but does not require 
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the iterative procedure for the non-linear system. Shing et al. (1991), and Shing and Vannan (1991) 
proposed an unconditionally stable implicit scheme on the basis of the α-method (Hilber et al. 
1977) and initial stiffness-based iteration procedure to avoid undesirable loading/unloading of the 
structure. Substantial advances have been made to date in numerical time integration schemes for 
improved accuracy and stability in solving equation of motion.   
 The use of substructuring technique is another important step in hybrid simulation that 
allows the cost efficient seismic performance evaluation of a structural system. The complete 
structural system is divided into several components, namely substructures (see Fig. 2.17). 
Components expected to exhibit highly non-linear or complex behaviors that cannot be easily 
captured by numerical approach are selected as experimental substructures to be physically tested. 
The remainder of the structure with well-known behaviors is selected as analytical substructures 
and idealized as numerical models in various types of analysis platforms. A significant amount of 
cost and time for constructing specimens and running physical tests can be saved through 
substructuring technique. Once the idea of substructuring techniques was proposed in 1980s, great 
effort has been devoted to develop the techniques in conjunction with viable integration schemes 
by many researchers (Nakashima and Takai 1985; Dermitzakis and Mahin 1985; Thewalt and 
Mahin 1987; Nakashima et al. 1990). With the help of distributed testing facilities and network 
systems connecting them (Tsai et al. 2003; Pan et al. 2006), multiple experimental substructures 
distributed in remote places can be tested simultaneously and their interactions are integrated at 
the system level. These features have been widely utilized in many hybrid simulation projects, 




Figure 2.17 Concept of substructuring techniques in hybrid simulation. 
2.2.3 Implementation of Hybrid Simulation 
Hybrid simulation has been recognized as a reliable and efficient means of performance 
evaluation, and implemented in many research projects for various civil infrastructure systems 
(Spencer et al. 2006; Takahashi et al. 2008; Kwon and Elnashai 2008a; Eatherton et al. 2010; Kim 
et al. 2011; Kammula et al. 2012; Terzic and Stojadinovic 2013; Frankie et al. 2013; Abbiati et al. 
2015 among many others). In many previous hybrid simulation tests, however, only limited portion 
of the entire structural system was selected as experimental substructures while the huge remaining 
portion is numerically represented. The number of structural components physically tested in the 
laboratory was not more than three in most cases because of limited number of testing apparatus. 
Chances are that impact of testing physical components on the overall system level response is not 
as great as it was expected, or idealized numerical models which take up a large portion of the 
whole structure do not properly reflect the actual properties of the structure. Such cases may give 
rise to less accurate simulation results and undermine the strength of hybrid simulation, especially 
for structures with many repetitive components (e.g. bridge columns). 
 To cope with those issues, an approach called model updating was introduced in hybrid 
simulation, in which the responses of the numerical portion are continuously updated based on the 
35 
 
measured responses of the experimental substructures. Yang et al. (2012) first adopted the idea of 
model updating in hybrid simulation. The authors carried out purely numerical hybrid simulation 
for a bridge supported by two columns, one idealized as detailed fiber-based numerical model and 
the other idealized as rigid column model with a non-linear rotational spring element, assuming 
that the fiber-based model represented an experimental substructure. By utilizing an optimization 
tool based on the Nelder-Mead simplex method (Lagarias et al. 1998), parameters which controlled 
the response of the rotational spring were updated in a way that minimized the differences between 
the hysteretic force-displacement curves of the two columns.  
Hashemi et al. (2014) proposed a model updating strategy which utilized the unscented 
Kalman filter (UKF) (Wan and Van Der Merwe 2000) and a modified Bouc-Wen model (Baber 
and Noori 1985). This approach was applied to hybrid simulation of one-bay frame with two 
columns which had the equivalent geometry and boundary conditions. While one of the columns 
was physically tested in the laboratory, the other column was idealized as a modified Bouc-Wen 
model and numerically analyzed. Control parameters of the numerical column model were 
calibrated through the UKF method according to the measured force-displacement response of the 
physical column.  
Kwon and Kammula (2013) also proposed a model updating strategy utilizing modified 
Bouc-Wen models. Unlike the approach by Hashemi et al. (2014), however, in which the response 
of the single numerical column was directly described by one Bouc-Wen model, Kwon and 
Kammula (2013) used multiple Bouc-Wen models with different parameters for a single analytical 
substructure. In this method, the restoring force of each Bouc-Wen model is weighted by optimized 
factors and combined such that the derived response of the numerical models corresponds well to 
the response of its experimental counterpart. This method was used for hybrid simulation of a two-
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bay frame equipped with one physical brace and the other numerical brace. The complex behavior 
of the physical brace such as buckling was well reflected in the numerical model.  
While the aforementioned model updating schemes primarily elaborated on the global 
force-displacement responses of numerical components, Elanwar and Elanshai (2014) focused on 
developing a new strategy which involved refinement of constitutive relationship of material 
models. In that way, model updating is applicable, at the more fundamental level, to components 
which did not have similar properties with the physical specimen in terms of geometry, boundary 
conditions or loading history. To this end, Elanwar and Elanshai (2014) suggested to estimate key 
parameters of material models based on the measured response of the physical specimen, and apply 
the new parameters to the numerical material models. In the process of identifying the parameters, 
several different tools based on optimization (Elanwar and Elanshai 2016a) or neural network 
(Elanwar and Elanshai 2016b) algorithms were utilized. The proposed technique was numerically 
verified through hybrid simulation examples of RC and steel frame structures, and increased the 
accuracy of the simulation results. For this technique to be more effective, however, it should be 
assumed that the actual behaviors of the materials are properly described by the selected parameter-








CHAPTER 3 DYNAMIC RESPONSE OF SMA CONFINED RC 
COLUMNS 
3.1 INTRODUCTION 
Among many available testing methods, dynamic testing is deemed the most ideal 
approach to derive realistic responses of a structure in an earthquake scenario. This chapter 
presents the findings of an experimental study that involved a series of shake table tests carried 
out for RC bridge columns confined with SMA spirals. Two RC column specimens were tested 
under bidirectional seismic excitations at the U.S. Army Engineer Research and Development 
Center Construction Engineering Research Laboratory (ERDC-CERL) in Champaign, IL. In this 
chapter, the dynamic behaviors of the column specimens, and effectiveness of the new SMA 
confinement technique as seismic retrofitting and emergency repair methods for RC bridge 
columns are investigated. 
3.2 SPECIMEN DESIGN AND FABRICATION  
3.2.1 Design of the Specimens 
In this experimental study, two reduced scale (1/6-scale) RC single cantilever columns 
were tested simultaneously. The design of the test specimens was developed based on a prototype 
RC bridge column which followed pre-1971 seismic design provisions (AASHO 1969) where No. 
4 steel hoops with 305 mm spacing were typically used as transverse reinforcement of the columns 
regardless of the dimension of the columns. Table 3.1 summarizes the parameters considered in 
the design of the column specimens with respect to the prototype bridge column. Dimensions and 
reinforcement details of the test specimens are provided in Fig. 3.1 and Fig. 3.2. The 203 mm 
diameter RC columns had a clear height of 1029 mm between the footing (813 mm × 813 mm × 
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305 mm) and the column cap (1930 mm × 1168 mm × 305 mm). Each test specimen had an aspect 
ratio of 7 with an effective column height (𝐻) of about 1.42 m from the base of the column to the 
center of mass assembly of the specimen. The column was reinforced in the longitudinal direction 
using 20 No. 2 (6.35 mm diameter) reinforcing bars, providing longitudinal reinforcement ratio 
(𝜌𝑙) of 1.95%. The yield strength (𝐹𝑦) of 531 MPa and Young’s modulus (𝐸) of 197 GPa were 
obtained from previous tests by Hart (2012). To reflect the poor seismic detailing of the prototype 
RC column which lacks sufficient flexural ductility, 2.67 mm diameter steel hoops were placed 
every 89 mm along the height of the columns. The volumetric ratio of the transverse reinforcement 
used (𝜌𝑠) was about 0.12% which was far less than the minimum requirement in modern seismic 
design provisions. The footing and cap were designed to behave elastically using No. 3 (9.53 mm 
diameter) longitudinal reinforcing bars and No. 2 (6.35 mm diameter) ties. While the target 
compressive concrete strength (𝑓𝑐
′) of the test specimens at 28 days was 35 MPa, the achieved 
concrete strength measured on the day of dynamic testing was about 55 MPa.  
Table 3.1 Design parameters of test specimens based on a prototype column. 
Design parameter Prototype column Test specimens 
Aspect ratio 1:7 1:7 
Column diameter/ 
Concrete cover 
1.22 m/76 mm 203 mm/13 mm 
Longitudinal 
reinforcement/𝜌𝑙 
36 #11 bars/1.99% 20 #2 bars/1.95% 
Transverse 
reinforcement/𝜌𝑠 





(a) Reinforcement details of column           (b) Cross section of column 






(a) Column cap    (b) Footing 
Figure 3.2 Reinforcement details of the column cap and footing. 
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3.2.2 Fabrication of the Specimens 
Both test specimens were constructed at the Newmark Civil Engineering Laboratory on the 
campus of the University of Illinois at Urbana-Champaign. The construction process of the 
specimens is shown in Fig. 3.3 through Fig. 3.5, which included fabricating reinforcing bar cages 
and formworks, placing strain gauges on steel bars, casting and curing concrete for column, footing 
and cap, and transporting the completed specimens to the test site. Prior to casting concrete, 
threaded rods with a diameter of 6.4 mm were placed in the reinforcement cages near the column 
base to install linear potentiometers measuring local deformations of the column in the expected 
plastic hinge zone. The column concrete was separately casted at full length first, then the top and 
bottom portions of the column were embedded into the cap and footing later, respectively, to avoid 
formation of cold joints at the top and bottom interfaces. Strain gauges were installed on the 
longitudinal steel reinforcing bars, internal steel hoops and external SMA spirals to measure strain 
variations. For strain gauges placed inside the concrete, protective coats using aluminum foil and 
soft butyl rubber sealant were used to prevent the gauges from being damaged during casting of 










(a) Reinforcement cage in the column footing (b) Strain gauge on the longitudinal reinforcement 
  
(c) Reinforcement cage in the circular column section (e) Formwork of the circular columns 




(a) Casting concrete mix in the circular column  (b) Removal of circular column formwork 
  
(c) Assembly of the circular column and footing (e) Casting concrete mix in the column footing 




(a) Assembly of the column and cap (b) Casting concrete mix in the column cap 
  
(c) Curing of concrete in the column caps  (e) Transportation of the specimens to the test site 
Figure 3.5 Concrete casting for the column caps and transportation of the completed specimens.
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3.2.3 Seismic Retrofitting Using SMA Spirals 
Prior to testing, one of the test specimens (COL-1) was equipped with SMA spirals in the 
plastic hinge zone to represent a SMA retrofitted column, while the other column (COL-2) 
remained in the as-built condition. Since no guideline or consensus was available on the design of 
active confinement retrofit schemes, the California Department of Transportation (Caltrans) 
specifications on the use of column jackets/wrapping were utilized in this study. Caltrans 
recommends providing a minimum confining pressure of 2.07 MPa at a radial strain of 0.004 when 
applying FRP jackets to the plastic hinge zone of the column (Caltrans 2008). The required height 
of the portion of the column for lateral confinement is also specified as 1.5 times the diameter of 
the column (Caltrans 2013). The retrofitted column (COL-1) was wrapped with 1.9 mm diameter 
NiTiNb alloy spiral with 8 mm spacing along a height of 305 mm (i.e., 1.5 × 203 mm). The size 
and spacing of the spiral were designed to provide a target active confinement pressure (𝑃 = 2.01 
MPa) close to the Caltrans’ specification. Eq. 3.1 was used to calculated the target active 
confinement pressure, where 𝐴 (2.87 mm2) is the cross-sectional area of the SMA spirals, 𝑠 (8 
mm) is the pitch spacing of the SMA spiral, 𝜎𝑆𝑀𝐴 (574 MPa) is the thermally triggered recovery 
stress of the SMA spiral obtained from previous tests (Dommer and Andrawes 2012), and 𝐷 is the 






Fig. 3.6 shows the SMA spiral being heated with a propane torch after being wrapped around the 




Figure 3.6 Test specimen (COL-1) retrofitted with the SMA spirals. 
3.3 TEST DESCRIPTION AND PROCEDURE 
3.3.1 Description of the Shake Table  
The Triaxial Earthquake and Shock Simulator (TESS) at ERDC-CERL was utilized in this 
study. Fig. 3.7 shows the table of TESS before the test specimens were installed. TESS has 3.66 
m × 3.66 m table and is equipped with multiple hydraulic actuators in the longitudinal (X axis), 
lateral (Y axis) and vertical (Z axis) directions for six-degrees of freedom motion control. The 
performance specifications of the actuators in each direction are provided in Table 3.2. The 
longitudinal and lateral directions are referred to herein as “south-north” and “east-west” 




Figure 3.7 Triaxial Earthquake and Shock Simulator (TESS). 
Table 3.2 Performance specifications of TESS.  
 X axis Y axis Z axis 
Number of actuators 6 2 9 
Actuator force capacity* (kN) 334 334 400 
Maximum stroke (mm) ±70 ±152 ±35 
Peak velocity (mm/sec) 1270 1270 762 
Peak acceleration (g) 2g 2g 1g  
Frequency range (Hz) ~100 ~100 ~100 
*Force capacity of an individual actuator. 
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3.3.2 Test Setup 
Fig. 3.8 shows the procedure for the shake table test setup. Due to scheduling constraints, 
it was decided to complete testing within one day. Hence, a decision was made to test both columns 
at the same time. Before placing the test specimens on the table, a steel frame was installed across 
the shake table in the longitudinal (south-north) direction in order to prevent any safety issues 
caused by collapsing of the specimens. The two test specimens were fully fixed to the shake table 
using prestressed rods, and subjected to equivalent test motions simultaneously applied in the 
longitudinal and lateral directions. The longer sides (1930 mm) of the column caps were placed 
parallel to the lateral (east-west) direction. The 1634 kg concrete cap (0.688 m3) and six 681 kg 
steel plates were supported at the top of each column to represent inertial mass of 5720 kg and 
axial load of 56 kN which corresponded to about 5% of the column’s compressive capacity (𝑓𝑐
′𝐴𝑔) 
where 𝑓𝑐
′ and 𝐴𝑔 are the target compressive strength of concrete at 28 days and the gross cross-
sectional area of the column. Mass moment of inertia (rotational mass) of the mass assembly are 
calculated as 2.32 kg-m2 and 0.69kg-m2, respectively, about the longitudinal and lateral directions. 
Prestressed rods were used to firmly fix the steel plates to each specimen through the holes in the 









(a) Installation of the safety frame (b) RC columns placed on the shake table 
  
(c) Column footing fixed to the shake table (e) Assembly of the mass block 




Figure 3.9 Shake table test setup. 
3.3.3 Instrumentation 
Fig. 3.10 presents the locations of accelerometers (ACC) and cable extensometers (CE) 
used to measure the global response of the specimens. Accelerometers were attached at the center 
of mass and at the footing of each column to measure relative translational acceleration responses 
of the mass with respect to the base in the longitudinal (south-north) and lateral (east-west) 
directions. Accelerometers at the edge of the column caps provided measurements of the vertical 
acceleration responses that were utilized to obtain rotational acceleration responses of the mass. 
Cable extensometers were connected at the top and at the base of the columns to obtain the relative 




Figure 3.10 Location of accelerometers and cable extensometers. 
Fig. 3.11 depicts the location of strain gauges and linear extensometers installed near the 
column bases. Strain gauges were placed on the circular hoops and on the longitudinal reinforcing 
bars at 0, 76, 152 and 229 mm heights from the base of the columns. Linear potentiometers were 
placed between threaded rods located at 76 and 229 mm (region 1 and 2 in Fig. 3.11) above the 
base to measure local deformations of the columns in the plastic hinge zone. These deformation 
measurements were utilized to obtain average curvatures of the columns near the base. If the 
displacement measured by the linear potentiometer on the east or west side of the region i is 
denoted as 𝐿𝑃𝐸𝑖 or 𝐿𝑃𝑊𝑖, respectively, the average rotation (𝜃𝑖) over the region can be calculated 
by dividing the relative displacement differences of the two opposite linear potentiometers (𝐿𝑃𝑊𝑖 
− 𝐿𝑃𝐸𝑖) by the horizontal distance (𝑑) (Eq. 3.2). The average rotation is then divided by the height 
of the region (ℎ𝑖) to calculate the average curvature (∅𝑖) over the region (Eq. 3.3), assuming that 




Figure 3.11 Location of strain gauges and linear potentiometers near the base of the columns. 
 𝜃𝑖  =  
𝐿𝑃𝑤𝑖 − 𝐿𝑃𝐸𝑖
𝑑




 i = 1, 2 (3.3) 
 
3.4 SELECTION OF INPUT GROUND MOTION 
The two horizontal components of the 1989 Loma Prieta earthquake at Foster City - 
APEEL 1, California were used in the test. These records are characterized by high repetitions of 
strong pulses with a relatively long duration. The vertical component of the earthquake was not 
considered since this study focuses on the seismic response of RC columns under far-field 
earthquakes. A series of nonlinear dynamic analyses were performed in the selection process of 
the input ground motions to avoid premature shear failure of the lightly reinforced columns during 
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the tests and to determine scaling factors for the test motions at target performance levels within 
the capacity of the shake table.  
The selected records were used after being preprocessed by first, scaling the time axis with 
a factor equal to the square root of the length scale (√6 ≈ 2.45) to satisfy the similitude laws 
(Moncarz and Krawinkler 1981), keeping the magnitude of the accelerations unchanged. The 
scaled acceleration records are plotted in Fig. 3.12(a). The records were then band-pass filtered 
with a range of 0.01 ~ 25 Hz to eliminate unwanted frequency contents using Butterworth filters. 
Lastly, amplitude of the acceleration records was also scaled to reach specific target levels using 
the same scaling factors for both components. Scaling of the records was based on a design 
response spectrum defined by Caltrans ARS curve (Caltrans 2013) with an assumption that the RC 
columns were located at the station site of the records, which had a soil type E (shear wave velocity 
= 116 m/s). To obtain a design earthquake, both longitudinal and lateral components of the records 
were scaled using a same factor such that the spectral acceleration, 𝑆𝑎 of the stronger (lateral) 
component matched the design response spectrum at the fundamental period of the columns as 
illustrated in Fig. 3.12(b). The estimated fundamental periods of the specimens through sine sweep 
vibration tests on the day of testing were approximately 0.6 sec in both directions. The design 





Figure 3.12 Preprocessing of the selected earthquake records: (a) time axis scaling and (b) 
amplitude scaling. 
3.5 TEST SEQUENCE 
The dynamic tests had three phases, each of which was comprised of three test runs. Table 
3.3 summarizes the entire test sequence and the target performance level of each test run with the 
corresponding scaling factor. The same scaling factor was applied to both components of the test 
motions. The design earthquake defined in Section 3.4 was used to indicate the seismic intensity 
of the test motions.  
Phase 1 was aimed at: 1) exploring the damage mitigation effect of the SMA retrofit 
scheme by comparing the responses of the SMA retrofitted (COL-1) and as-built (COL-2) 
columns, and 2) imposing some level of damage to COL-2 to be used in phase 2 for assessing the 
efficacy of the new SMA confinement technique in rapid repair application. A set of seismic 
excitations with relatively low intensities, expressed herein as “foreshocks” were applied in the 
two horizontal directions. Both test specimens were initially subjected to the elastic level excitation 
to identify the dynamic responses in the elastic range. The amplitude of the ground motions 
increased to cause moderate damage in the RC columns and the damage states of both columns 
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were closely assessed after each test run. After run 3, the damaged as-built column (COL-2) was 
rapidly repaired using SMA spiral. A description of the repair process is presented in detail in the 
next section. In phase 2, the seismic performance of the SMA repaired column (COL-2) under the 
subsequent earthquake scenario was evaluated, assuming the design earthquake represents a “main 
shock” followed by an “aftershock”, which was scaled to 80% of the design earthquake. The 
scaling factor for the aftershock was determined based on a previous study by Li and Ellingwood 
(2007), in which a main shock was scaled using factors from 0.8 to 1.0 to obtain aftershocks. The 
scaling factor of the test motions increased to 125% of the design earthquake after the aftershock. 
Phase 3 intended to investigate the mechanism of damage/failure of COL-1, especially at the 
plastic hinge zone. To induce significant damage to the plastic hinge zone, ground motions with 
very high intensity levels were applied up to 2.0 times the design earthquake (454% of the Loma 
Prieta record). As indicated by the negative signs of the scaling factors in Table 3.3, several ground 
motions were applied in the opposite (negative) directions starting from phase 2. Changing the 
direction of the test motions was used to reflect the nature of earthquakes which may excite bridge 
columns in multiple directions under sequential ground motions repeated within a short period of 
time, and to control the accumulation of permanent column drifts for safety purposes, i.e., to avoid 
collision with safety frame. This enabled the research team to investigate the damage in the 
confined plastic hinge at very high levels of ground motion excitation. Because of the higher peak 
ground accelerations (PGAs) and frequency content of the selected records, the columns were 





Table 3.3 Test sequence and target performance level of each testing phase. 
Sequence Run # Earthquake Target level (scale factor) PGA (g) 
Phase 1 
Run 1 Foreshock 1 Elastic level (+30%) [0.080, 0.086]* 
Run 2 Foreshock 2 
Minor concrete spalling in COL-2 
(+175%) 
[0.464, 0.501] 
Run 3 Foreshock 3 
Severe concrete spalling in COL-2 
(+200%) 
[0.530, 0.573] 
Emergency repair of COL-2 
Phase 2 
Run 4 Main shock 1 Design level (+227%) [0.596, 0.644] 
Run 5 Aftershock –0.80 × Design level (–182%)  [0.481, 0.052] 
Run 6 Shock 1 +1.25 × Design level (+284%) [0.752, 0.813] 
Phase 3 
Run 7 Shock 2 –1.50 × Design level (–341%) [0.903, 0.975] 
Run 8 Shock 3 +1.75 × Design level (+397%) [1.053, 1.138] 
Run 9 Shock 4 –2.00 × Design level (–454%) [1.204, 1.300] 
*[Longitudinal, Lateral]. 
3.6 EXPERIMENTAL RESULTS AND INTERPRETATIONS 
3.6.1 Introduction 
This section presents experimental results of the two RC column specimens obtained from 
the shake table tests. Responses of the specimens observed during the successive test runs 
including damage status are discussed along with the repair process performed after test phase 1. 
The measurements from the internal/external sensors were post-processed to evaluate the dynamic 
behaviors of the columns from the global and local aspects as explained in Section 3.3.3. The 
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capability of the SMA spirals to maintain sufficient confinement under strong seismic excitations 
is also addressed by estimating the amount of the lateral pressure provided throughout the tests.   
3.6.2 Fundamental Period and Viscous Damping 
 Before initiating the dynamic tests, the sine sweep vibration tests were performed first to 
figure out dynamic properties of the specimens. Sinusoidal excitations were applied at gradually 
increasing frequencies in each direction separately. Fig. 3.13(a) shows the time history of the tip 
displacement of COL-1 in the lateral direction under the sinusoidal excitations, which exhibited 
the maximum response at around 26 sec. The obtained column responses were presented in the 
frequency domain by using the fast Fourier transform (FFT) algorithm in Fig. 3.13(b). From the 
amplitude of FFT spectrum, fundamental periods of the columns were estimated. Damping ratios 
of the columns were approximated from the FFT spectrum by using the half-power bandwidth 
method. The obtained dynamic properties of the columns are summarized in Table 3.4. In each 
direction, the estimated fundamental periods of the COL-1 and COL-2 at the undamaged state 
were quite close. The fundamental periods from the FFT spectrum in the lateral direction were 
slightly greater than the values (0.6 sec) approximated on the day of testing. 
 
(a) (b) 
Figure 3.13 Estimation of the fundamental period using the sine sweep tests: (a) Displacement 
history of COL-1 in the lateral direction and (b) Fourier spectrum. 
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Table 3.4 Dynamic properties of the specimens.  
Direction 
Fundamental period (sec) Viscous damping (%) 
COL-1 COL-2 COL-1 COL-2 
Longitudinal 0.58 0.58 3.08 3.42 
Lateral 0.70 0.71 3.25 3.26 
 
3.6.3 Response Observation 
3.6.3.1 Phase 1 Results 
Under the elastic level excitation of test run 1 in phase 1, both test specimens showed 
similar behaviors without any noticeable sign of damage. No visible cracks or yielding of 
reinforcing bars were detected in the columns except hairline cracks formed at the interface with 
the footing for both columns. Soon after the test motions were applied in test run 2, COL-2 
experienced minor  concrete cover spalling on the east side near the base. Several hairline cracks 
formed transversely on the west side of COL-2 and completely closed at the end of the test. Along 
with the permanent concrete damage, COL-2 slightly tilted in the east direction. Under test run 3, 
more concrete spalled on the northeast side of COL-2 over the region of 100 mm and 280 mm in 
height and width, respectively, exposing the transverse reinforcement. The residual displacement 
of COL-2 further increased toward the east direction after test run 3. Unlike COL-2, COL-1 did 
not sustain any major damage during test runs 2 and 3 except for a few hairline cracks in the 
concrete. After testing, the specimen stood straight without noticeable residual displacement in 





Figure 3.14 Damage condition of the column specimens in the plastic hinge zone after test run 3: 
(a) COL-1 and (b) COL-2. 
3.6.3.2 Emergency Repair Procedure for the Damaged Column (COL-2) 
After run 3, it was decided to carry out a rapid repair process for COL-2 using SMA spirals. 
The repair process comprised three steps as illustrated in Fig. 3.15. First, unsound or loose concrete 
was taken out from the damaged region. In the second step, rapid set mortar grout was applied to 
restore the original cross sectional area of the column. To evaluate the compressive strength of the 
rapid set mortar, 50 mm cube specimens were fabricated and tested according to ASTM Standard 
C109 (ASTM 2016). The mortar cubes recorded an average compressive strength of 18 and 28 
MPa at one and three hour curing time, respectively. After having about one hour of curing time 
for the applied mortar, SMA spirals were wrapped at the plastic hinge zone up to 305 mm height 
from the column base with the same spacing (8 mm) used for COL-1 to apply an equivalent active 
confinement pressure of about 2.01 MPa after heating the SMA wires. Fig. 3.15(c) shows COL-2 
after the repair process was completed. Table 3.5 summarizes the steps taken during the repair 
process with elapsed time. It is worth noting that the total time consumed primarily for the repair 
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procedure was about 2 hours and 30 minutes and the dynamic testing resumed in about 3 hours 
and 15 minutes from the repair starting time. 
   
(a) (b) (c) 
Figure 3.15 Emergency repair procedure: (a) concrete removal, (b) mortar application and (c) SMA 
spiral wrapping. 
Table 3.5 Time sequence of the repair process of COL-2. 
Time (hour:minute) Emergency repair steps 
00:00 Start of repair process 
00:05 Removal of loose or unsound concrete completed 
00:25 Rapid-set mortar grouting completed 
01:25 SMA wire wrapping started 
02:28 SMA wire wrapping completed 
02:33 SMA wire heating completed 




3.6.3.3 Phase 2 Results 
After the emergency repair procedure was completed, phase 2 of testing started with 
subjecting the columns to the design earthquake (scaled to 227% of the Loma Prieta record) which 
was considered the main shock in this study. During test run 4, both COL-1 and COL-2 
successfully withstood the design earthquake without experiencing significant concrete damage. 
Only small pieces of concrete flake were seen in the SMA confined region of both columns. New 
minor cracks developed horizontally over the height of both columns. COL-2 tilted further in the 
lateral (east) direction because of the damage accumulation in the longitudinal reinforcing bars. 
The test specimens were then excited by the aftershock motion which corresponded to 80% of the 
design earthquake (–182% of the Loma Prieta record). As indicated earlier, these motions were 
applied in the opposite direction to mitigate the columns residual drifts for safety purposes. No 
additional damage was seen in either column and the stability of the columns was also maintained 
after test run 5.  
For test run 6, the amplitude of the test motions again increased to 1.25 times the design 
earthquake (284% of the Loma Prieta record), and the motions were applied in the original 
(positive) directions.  In terms of local responses, both columns showed observations similar to 
those from the earlier tests. More concrete flakes appeared in the confined region of the columns 
without any spalling or crushing. However, both columns experienced fairly high column 
displacements in the lateral direction with slightly increased motion intensity, and the residual 
displacements of both columns noticeably increased. Due to the accumulated rebar damages in the 
previous test runs, COL-2 experienced much higher residual displacement compared to COL-1 by 
the end of test run 6. These high column displacements were mainly attributed to the switch of 
direction of the motions during test phase 2. The reduced residual displacements resulting from 
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changing the motion direction between runs 4 and 5 amplified the effect of the motion applied 
during run 6 causing it to induce high impact/shock load that resulted in the abrupt elongation of 
the rebars. In Fig. 3.16, the residual displacements of COL-1 (captured from the south) and COL-
2 (captured from the north) in the lateral direction are visually compared. Because of the relatively 
high residual drift of COL-2 and the potential risk of its collision with the safety frame, testing of 
COL-2 was terminated after phase 2. The final damage status of both columns in the confined 
region after phase 2 is compared in Fig. 3.17 and Fig. 3.18. 
  
(a)  (b) 
Figure 3.16 Residual drift of the test specimens after test run 6: (a) COL-1 and (b) COL-2. 
   
(a) (b) 
Figure 3.17 Damage condition of COL-1 in the plastic hinge zone after phase 2 on the (a) south-





Figure 3.18 Damage condition of COL-2 in the plastic hinge zone after phase 2 on the (a) north-
east and (b) north-west faces. 
3.6.3.4 Phase 3 Results 
Despite the relatively large residual displacement sustained by COL-1 at the end of phase 
2, the dynamic testing of COL-1 continued in phase 3 to investigate the damage mechanism of the 
SMA confined plastic hinge under extremely large drift levels. As illustrated in Table 3.3, during 
this phase, the specimen was subjected to strong motions equal to 1.5, 1.75 and 2.0 times the design 
earthquake (i.e. –341%, 397% and –454% of the Loma Prieta record). Under the strong motions 
in test runs 7 and 8, COL-1 showed greatly ductile response without collapsing. In both 
longitudinal and lateral directions, large residual displacements associated with tilting of the 
column were observed after the specimen experienced highly increased displacements. These 
substantial increases in the column displacements are again expected to be caused by switching 
the direction of the motion records as explained earlier.  During test run 9, COL-1 finally collapsed 
toward the south side due to the fracture of 12 out of the 20 longitudinal reinforcing bars. Fig. 3.19 
shows the final state of COL-1 after the collapse. The concrete cap of the column was captured by 
the safety frame as intended and the crack in concrete completely opened near the column base. 
Fig. 3.20 shows the damage progression in the plastic hinge zone of COL-1 under test runs 7, 8 
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and 9. The fracture of the steel bars occurred primarily as an outcome of the low-cycle fatigue 
behavior of the longitudinal reinforcing bars due to the large number of inelastic cycles that the 
bars were subjected to throughout test runs 1 through 9. 
Despite the complete failure of COL-1, the SMA spirals still remained intact and no 
spalling or crushing of concrete was observed. From an overall bridge performance prospective, 
COL-1 may have reached its limit state because of the large residual column drift, nevertheless the 
behavior of the column during phase 3 clearly demonstrated the effective confinement capability 
of the SMA spirals which enabled the seismically deficient RC column to behave in a ductile 
manner. The use of SMA spirals clearly changed the conventional damage pattern typically 
observed in plastic hinges involving excessive concrete cover spalling, concrete core crushing, and 
reinforcing bar buckling, into a low-cycle fatigue dominant damage mechanism. 
 
Figure 3.19 Collapsing of the specimen COL-1 during test run 9. 
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(a) (b) (c) 
Figure 3.20 West side damage state of the plastic hinge of specimen COL-1 during phase 3: (a) 
test run 7, (b) test run 8 and (c) test run 9. 
3.6.4 Global Responses 
3.6.4.1 Displacements 
Displacement responses of the columns under the bidirectional seismic excitations are 
investigated in this section. To obtain the relative displacements of the columns with respective to 
the column base, the displacement of the column footing was subtracted from the absolute 
displacement measured at the center of mass. Fig. 3.21 and Fig. 3.22 provides the time history of 
the calculated relative displacements of the test specimens in the longitudinal and lateral directions. 
The peak displacement and residual displacement of COL-1 and COL-2 in each test run are 
presented as the drift ratio by dividing the tip displacement values by the effective column height 
in Fig. 3.23.  
Overall, compared to the lateral direction, smaller displacement demands up to 4% drift 
ratio were imposed on both columns in the longitudinal direction throughout the tests. Under the 
elastic level excitations in test run 1, the columns had quite similar responses without any residual 
displacement. During test runs 2 and 3, despite the severe concrete damage occurred in COL-2, 
the maximum drift ratios experienced by both columns were still comparable as approximately 
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3.7% in the lateral direction, but COL-2 showed the higher residual drift reaching 0.9%, about 4.3 
times greater than that of COL-1 in the lateral direction. In test runs 4-6, the columns were 
subjected to the test motions that changed directions and increased up to 125% of the design 
earthquake. Under the main shock-aftershock sequence (test runs 4-5), COL-2 recorded the 
maximum drift of 4.2% and the residual drift up to 1.3% in the lateral direction, but the maximum 
drift and the residual drift considerably increased to 7.4% and 5.2%, respectively, under the 
reversed test motions in test run 6. Similar trend was seen in the response of COL-1. The 3.9% 
maximum drift and the 0.4% residual drift of COL-1 recorded in the lateral direction during test 
runs 4 and 5 remarkably changed to 6.4% and 2.1%, respectively, in test run 6. When the intensity 
of the test motions increased to the maximum level during phase 3, extremely high displacement 
demands were imposed on COL-1, accordingly. During test runs 7 and 8, COL-1 had maximum 
drift ratios as high as 4% and 8.9% in the longitudinal and lateral directions, respectively. After 
recording the 10.5% maximum drift in the east direction, COL-1 completely collapsed towards the 






















(a) Longitudinal (b) Lateral 
Figure 3.23 Comparison of the maximum drift ratios of the specimens for each test run.   
 As illustrated in Fig. 3.23, as the intensity of the test motions increased from test runs 1 
through 4, it can be seen that the rate at which the residual drift built up in COL-2 is faster than 
that in COL-1 under the same seismic excitations. This observation was further examined to 
evaluate how the active confinement can influence residual drifts in columns. Since the residual 
drifts of the columns can be strongly affected by the direction of the test motions which started to 
change from test run 5, only test runs 1 through 4 were considered. Fig. 3.24 compares the residual 
drifts of COL-1 and COL-2 recorded in the lateral direction by calculating the ratio of the residual 
drifts between the two columns from test runs 1 through 4. Under the elastic earthquake during 
test run 1, the residual drifts of both columns were small and negligible. As the intensity of the test 
motions increased during runs 2 and 3, where COL-2 experienced concrete spalling, the ratio of 
the residual drifts started to increase and reached about 400%. Knowing that the residual drifts of 
the RC columns are closely related to the permanent deformations of the reinforcing bars, the 
experimental results indicated that COL-2 consistently accumulated damage not just in the 
concrete but also in the reinforcing bars. This could be well explained in Fig. 3.36 and Fig. 3.37 
(Section 3.6.5) which show the average strain time history of the extreme longitudinal bars in the 
west side of both columns near the column base (see Fig. 3.11). The reduced lever arm in the 
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circular section of COL-2 associated with the concrete spalling induced the higher strain demands 
on the reinforcing bars, and therefore contributed to the increased residual drift of COL-2. In the 
case of COL-1, however, the confinement pressure from the SMA spirals delayed the concrete 
damage and prevented the shift of the damage to the reinforcing bars, resulting in much less 
residual strain in the west side. After COL-2 was repaired, the gap in the residual drift of the 
columns reduced to 312% during run 4 as illustrated in Fig. 3.24. This observation suggested that 
the SMA spirals used in the emergency repair helped effectively in mitigating the accumulation of 
damage and the resulting residual displacement in COL-2. 
  
Figure 3.24 Comparison of the residual drifts of the test specimens. 
3.6.4.2 Forces 
Fig. 3.25 and Fig. 3.26 show the time history of the shear forces with the peak values 
induced in the longitudinal and lateral directions of the columns. Without direct measurement of 
forces, shear forces were estimated using Newton’s second law. For both columns, higher shear 
force demands were imposed in the lateral direction because of the higher intensity of the test 
motions in the lateral direction, and the more rotation of the mass assembly at the top of the 
columns caused by the higher mass moment of inertia. When the elastic level motions were applied 
in test run 1, both columns experienced shear forces up to about 5 kN and 6 kN, respectively, in 
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the longitudinal and lateral directions. During test runs 2 and 3, the maximum shear forces induced 
in the longitudinal and the lateral directions of COL-2 were 16.2 kN and 24 kN on average, 
respectively, about 101% and 95% of those of COL-1. After COL-2 was repaired, the average 
shear forces of COL-2 during test runs 4-6 recorded peak values of 16.2 kN and 25.3 kN in the 
longitudinal and lateral directions, respectively, 95% and 92% of those of COL-1. From test runs 
6 through 9, shear force responses started to show small offsets at the end of each test run, which 
indicated gravitational acceleration component measured by the accelerometers, resulting from 
tilting of the specimens.  
Fig. 3.27 and Fig. 3.28 show the time history of bending moments occurred at the base of 
COL-1 and COL-2 in the longitudinal and lateral directions. As in the case of shear force, larger 
bending moments occurred in the lateral direction because of the stronger test motions and 
additional moments generated by the substantial residual displacements of the specimens in the 
lateral direction (P-Delta effect). The maximum bending moments recorded in each test run are 
shown in Fig. 3.29 with contribution of P-Delta effect. Overall, COL-2 experienced comparable 
or slightly smaller total moments compared to COL-1 in both directions. During phases 1 and 2, 
average portions of moments associated with P-Delta effect were 7.6% and 9.5% of the total 
moments in COL-1 in the longitudinal and lateral directions, respectively, while corresponding 
moments experienced by COL-2 were slightly higher as 8.4% and 11.9% of the total moments. 
The contribution of P-Delta effect in COL-1 increased to 12.8% and 17.3% of the total moment in 




































(a) Longitudinal (b) Lateral 
Figure 3.29 Comparison of the maximum bending moment in the specimens for each test run. 
3.6.4.3 Bending moment-displacement relationships 
To evaluate the overall seismic responses of the RC columns from the global aspect, the 
relationship between the base moment and the tip displacement measured at the center of mass 
(with respect to the column base) was studied. Fig. 3.30 shows the base moment-displacement 
relationships of COL-1 and COL-2 in the lateral (east-west) direction throughout the entire tests. 
Based on the experimental moment-displacement responses in Fig. 3.30, envelope curves (solid 
line) were developed in the positive (east) and negative (west) directions. The major damage states 
identified by the observations and experimental data are indicated on the envelope curve, and the 
range of the envelope curve obtained from each test phase is denoted by the corresponding phase 
number. Note that the tests for COL-2 were terminated after phase 2 because of the high residual 
displacement. The envelope of the moment-displacement relationships of COL-1 and COL-2 can 
be again represented as idealized bilinear curves (dashed line) which have an equivalent yield 
displacement (𝑑𝑦 = 0.03 m). Displacement ductility demand (𝜇𝑑) imposed on each specimen is 




          (a) (b) 
Figure 3.30 Base moment-displacement relationships in the lateral direction: (a) COL-1 and (b) 
COL-2. 
During phase 1, both COL-1 and COL-2 had similar overall responses, showing 𝜇d close 
to 1.7 except that COL-2 experienced severe cover concrete spalling near the column base. The 
plastic base moment (𝑀𝑝) developed in COL-2 at the time of severe concrete spalling was about 
32 kN-m as indicated in Fig. 3.30, and the corresponding shear demand (𝑉𝑝) was estimated as 24.1 
kN from the shear force history (see Fig. 3.26(b)). The shear capacity of the column in the as-built 
condition was computed, taking into account the level of ductility demand (𝜇𝑑), according to 
Caltrans approach (Caltrans 2013), and provided in Table 3.6. The shear capacity (Ø𝑉𝑝) in the 
plastic hinge zone of COL-2 varied from 56 kN to 45 kN depending on the level of 𝜇𝑑, and turned 
out to be greater than 𝑉𝑝. The estimated shear demand/capacity along with the damage pattern of 
COL-2 reveal that the column behaved in flexural mode and indeed formed plastic hinge at the 
base without shear failure. After emergency repair, COL-2 was able to sustain 𝜇𝑑 up to about 3.5 
in the positive direction while maintaining the base moment without significant concrete damage 
during phase 2. COL-1 which recorded 𝜇𝑑  as high as 3.0 in phase 2 showed highly nonlinear 
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responses in phase 3, recording 𝜇𝑑  of 4.9 and 3.6 in the positive and negative directions, 
respectively, before collapsing due to rebar fracture. The base moment of COL-1 which developed 
around 40 kN-m in phase 3 started to degrade at 𝜇𝑑 > 3 for both directions.   
Table 3.6 Shear capacity of the as-built RC column in the plastic hinge region. 
Shear strength 𝝁𝒅*< 1.3 𝝁𝒅 = 2 
𝑉𝑐 (kN) 54 42 
𝑉𝑠 (kN) 8.4 8.4 
Ø𝑉𝑛 (kN) 56 45 
*displacement ductility demand (𝜇𝑑) of the RC column. 
3.6.5 Local Responses 
3.6.5.1 Moment-curvature relationships 
The effects of SMA confinement can be further examined from the local responses of the 
test specimens at the plastic hinge zones. Fig. 3.31 through Fig. 3.35 present the moment-curvature 
relationships of COL-1 and COL-2 near the base in the lateral direction, where most of the damage 
concentrated. The positive and negative directions of the responses indicate the east and west 
directions, respectively. The bending moment at 38.1 mm above the base was calculated as a 
function of acceleration responses and inertia mass values in the translational and rotational 
directions considering the P-delta effect, while the average curvature at 38.1 mm above the base 
was calculated from the column deformation data measured by the linear potentiometers. Note 
that, in Fig. 3.31 through Fig. 3.35, the solid lines are the secant slope of the moment-curvature 
relationships at the maximum moment in a cycle recording the maximum curvature in each 
direction. The secant slope represents the secant flexural rigidity of the columns near the base for 
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each test run. In the process of examining the test results, analytical moment-curvature 
relationships of the columns were developed through calibration with the experimental data. Fiber 
sections with appropriate material models were utilized in OpenSees (McKenna et al. 2000) to 
obtain the moment-curvature relationship of the RC section of each specimen. The analytical 
relationships are idealized as bilinear curve, and presented with the dashed lines, assuming that 
each specimen has an equivalent yield point at curvature, ∅𝑦 = 0.118 m
-1. The empty and solid 
circles indicate the initial and final points of the responses, respectively, for each test run. The 
point with the maximum curvature achieved on the secant flexural rigidity (solid) line was found 
in each direction and denoted with the triangular marker. The relative curvature difference of the 
triangular marker with respect to the initial point (empty circle) for each test run was calculated in 
the positive and negative directions, and defined as relative maximum curvature (∅𝑚+ and ∅𝑚−) 
in Fig. 3.31 through Fig. 3.35, respectively. 
 During test run 1, both columns showed nearly identical linear elastic moment-curvature 
relationships with flexural rigidity equal to 261 kN-m2. The range of total curvature (summation 
of ∅𝑚+ and ∅𝑚− in the east and west directions) of COL-1 and COL-2 were quite close to each 
other as 0.060 m-1 and 0.062 m-1, respectively, and no residual curvatures were recorded for both 
specimens after run 1. During test run 2, the columns showed nonlinear responses especially in the 
east direction as the intensity of the test motions increased. COL-1 and COL-2 recorded secant 
flexural rigidity in the east direction equal to 65% and 42%, respectively, of the elastic rigidity (EI 
= 261 kN-m2) obtained from test run 1. Using the relative maximum curvatures (∅𝑚+) of COL-1 
and COL-2 and the yield curvature (∅𝑦) which was computed numerically, the curvature ductility 
demands (∅𝑚+/∅𝑦) of COL-1 and COL-2 in the east direction were found to be equal to 1.6 and 
2.36, respectively. The 47.5% higher ductility demand of COL-2 compared to COL-1 was a direct 
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result of the higher level of concrete damage and steel strain sustained by COL-2. COL-2 also 
recorded a total curvature of 0.458 m-1, about 40% greater than that of COL-1, and a residual 
curvature of 0.060 m-1 in the east direction while COL-1 has zero residual curvature. Without any 
visually noticeable damage during test run 3, COL-1 recorded secant flexural rigidity of 0.41EI 
and 0.58EI in the east and west directions, respectively. Secant flexural rigidity of COL-2 in the 
respective directions were 0.38EI and 0.43EI. From the responses of the columns during test runs 
2 and 3, it was found that both columns experienced flexural rigidity degradation much higher in 
the east direction as an outcome of the asymmetry of the applied test motions which caused the 
unevenly distributed damages. During run 3, COL-2 had a total curvature of 0.475 m-1 with a 
relative maximum curvature (∅𝑚+) of 0.260 m
-1 in the east direction, which were about 16% and 
14% larger than those of COL-1, respectively. The residual curvature of COL-2 further increased 
to 0.110 m-1 in the east direction, which greatly contributed to the residual drift (0.89%) of the 
column in the same direction while COL-1 still had almost no residual curvature. 
After the repair, COL-2 exhibited secant flexural rigidity of 0.33EI and 0.37EI in the east 
and west directions, respectively, in test run 4. Secant flexural rigidity of COL-1 in the respective 
directions were 0.31EI and 0.56EI. It was noticed that COL-2 which had sustained more rigidity 
degradation during test runs 2 and 3 now exhibited slightly higher rigidity in the east direction than 
that of COL-1 (approximately 6% higher). The SMA spirals newly applied for the repair of COL-
2 contributed effectively in reducing the degradation of the flexural rigidity by confining the 
mortar and concrete, thus delaying the damages of the materials. In the west direction, COL-2 
showed relatively high rigidity degradation in run 4 with a reduction of 14% compared to the 
previous run whereas the rigidity of COL-1 barely changed, recording only 3% reduction. The 
application of the undamaged mortar grout on the east side of COL-2 reduced degradation of the 
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rigidity in the east direction compared to COL-1, and consequently shifted the damage to the west 
side of COL-2. The relative maximum curvature (∅𝑚−) of COL-2 observed in the west direction 
reached 0.274 m-1, only 2% less than that in the east direction, reflecting the damage state of COL-
2 now being evenly distributed towards both directions after the emergency repair. Further, the 
total curvature sustained by the repaired COL-2 was 0.554 m-1, only 1% larger than that of COL-
1. After test run 4, the residual curvature of COL-2 increased further to 0.143 m-1 in the east 
direction, while COL-1 exhibited a residual curvature of 0.016 m-1 in the east direction.  
The flexural deformations of COL-1 in the plastic hinge zone were further monitored from 
test runs 5 through 9 until the complete failure of COL-1 occurred. After test run 5 which applied 
the aftershock motion in the opposite direction, COL-1 had more balanced damage state in the 
lateral direction, showing the secant flexural rigidities of 0.44EI and 0.41EI, respectively, in the 
east and west directions. When the directions of the test motions switched again in test run 6, COL-
1 experienced the dramatically increased flexural deformation up to ∅𝑚+ of 0.579 m
-1 with the 
significantly degraded flexural rigidity of 0.23EI in the east direction. Due to the bar elongation 
highly concentrated in the column base, the residual curvature of COL-1 noticeably increased to 
0.161 m-1. The amplified motion effect associated with the alternately switched directions 
continued in test phase 3. As the directions of the high intensity level motions changed throughout 
test runs 7-9 , the secant flexural rigidities of COL-1 also alternately degraded as low as 0.14EI 
and 0.16EI in the west and east directions. During test run 9 when COL-1 collapsed, COL-1 
recorded ∅𝑚+ of 0.391 m




(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.31 Moment-curvature relationships of COL-1 in test phase 1. 
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(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.34 Moment-curvature relationships of COL-2 in test phase 1. 
 




Averaged strain values in each longitudinal reinforcing bar measured from the first three 
test runs are shown in Fig. 3.36 and Fig. 3.37. Under the elastic level motions in test run 1, the 
strains in each corresponding bar in both columns were quite similar. During test run 2, while 
COL-1 showed fairly balanced responses of the bars on the east and west sides with the maximum 
tensile strain of approximately 1.3%, COL-2 exhibited significantly increased bar elongation only 
on the west side, recording the tensile strain beyond 1.6%. As the concrete spalled on the east face, 
COL-2 lost the section needed to resist compressive force which increased the demands on the 
reinforcing bars due to the reduced lever arm. This trend became more prominent in test run 3 
where COL-2 lost more cross-sectional area due to the severe spalling of cover concrete. The 
residual strain of the west bar of COL-1 was 0.9% which is about 4.7 times greater than that of 
COL-1. The large unbalanced residual strains of the east and west bars in COL-2 again supports 
the high residual displacement of COL-2 after phase 1. The bars on the south and north sides, on 
the other hand, showed relatively comparable responses in both columns in phase 1.  
 





Figure 3.37 Average strain in the longitudinal steel bars of COL-2 during phase 1. 
Fig. 3.38 shows strains in the SMA wires used to retrofit COL-1. This result captures strain 
variations of the thermally activated SMA wires during test runs 1-8 on each side of the column, 
except for the south side which became unavailable in the early stage of the tests. In Fig. 3.38, the 
strains of the wires fluctuated as a result of lateral expansion of the confined concrete. While the 
east and west wires maintained positive residual strains throughout test runs 1-5, the north wire 
experienced negative strains since test run 2. It is presumed that the portion of the SMA wires on 
the north side partially recovered its shape as the concrete section dilated in the east-west direction, 
and slightly contracted in the south-north direction under the influence of the strong (lateral) and 
weak (longitudinal) components of the bidirectional motions. From test run 6, as the test motions 
with the high intensity level were applied, the wires started to show negative residual strains on all 
sides. Although more in-depth investigation is necessary, the overall reduction in the wire strains 
could be attributed to the penetration of the wires into the confined region of the column from 




Figure 3.38 Strain of the SMA wires of COL-1. 
3.6.6 SMA Confinement Pressure 
The capability of SMA spirals to provide sustainable lateral confinement pressure during 
multiple seismic events was evaluated by examining their strain behavior under the dynamic 
records. Strain of the SMA spiral confining COL-1 was monitored 76 mm above the column base. 
Strain values were used to obtain the corresponding stress of the SMA spiral based on cyclic 
responses of NiTiNb SMA wires reported from previous tests (Dommer and Andrawes 2012). Fig. 
3.39 shows the idealized hysteretic response of a thermally prestressed NiTiNb alloy wire under 
cyclic tensile loading (Dommer and Andrawes 2012). The wire reached a recovery stress of 574 
MPa at an initial prestrain of 6.4% and was progressively loaded to 0.2%, 0.4% and 0.6% strain, 
resulting in a total strain of 6.6%, 6.8% and 7%, respectively. In Fig. 3.39, after undergoing cycles 
of large inelastic strain, the wire experienced partial loss of its recovery stress (prestress) reaching 
a stress as low as 447 MPa upon returning to its original position. Utilizing the stress-strain 
behavior depicted in Fig. 3.39 along with the recorded strain values in Fig. 3.38, one can compute 




Figure 3.39 Cyclic response of a prestressed NiTiNb wire. 
Fig. 3.40 shows the computed confinement pressure acting on the east and west sides of 
COL-1 from test runs 1 through 8 prior to the collapse of COL-1. The confinement pressure which 
started as 2.01 MPa on both sides of COL-1 started to vary with the seismic excitations. In Fig. 
3.40(b), starting from test run 2, the west side of COL-1 sustained relatively higher pressure than 
2.01 MPa. This additional pressure was primarily induced by the concrete dilation which caused 
the SMA spiral to exert additional passive confinement on that side of the column. On the other 
hand, the pressure on the east side showed a sudden decrease to 1.96 MPa just after reaching a 
peak of 2.1 MPa during run 2. This could be attributed to the relatively large strain sustained by 
the SMA wire on the east side resulting in the loss of some of its recovery stress as depicted in Fig. 
3.39. The reduction in the active confinement pressure is illustrated with the hatched areas in Fig. 
3.40. During test runs from 6 through 8, both sides of COL-1 experienced reduction of confinement 
pressure possibly as the prestressed SMA spiral sustained large inelastic deformation under severe 
seismic loading and lost their recovery stress. However, the SMA spiral maintained a lateral 
confinement pressure of about 1.8 MPa on both sides after test run 8. This clearly shows that 
despite the strong consecutive seismic excitations, the SMA spiral continued to provide relatively 
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Figure 3.40 Confinement pressure variations of COL-1 SMA spiral: (a) east side and (b) west side. 
3.7 DEVELOPMENT OF COMPUTATIONAL MODEL 
3.7.1 Introduction 
Shake table tests can provide realistic dynamic responses of the SMA confined RC columns 
at the component level. The obtained experimental results were further utilized to develop 
validated computational models for the SMA confined RC columns. OpenSees (McKenna et al. 
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2000) was used to create computational models for the tested columns, and the accuracy of the 
developed models was enhanced through calibration based on the experimental results. 
3.7.2 Material Modeling 
Development of the computational model started with the use of appropriate material 
models which can accurately capture the actual material behaviors. Especially, under the random 
loading histories of earthquakes, hysteretic response of material models during repeated loading 
and unloading may influence the response of the structural element significantly. For the 
composite section of RC columns, different types of concrete and reinforcing steel materials are 
available in OpenSees. 
3.7.2.1 Concrete  
Concrete04 is a uniaxial material model which follows a stress-strain relationship proposed 












𝑓𝑐 and 𝜀𝑐 are the stress and strain at any point on the curve, respectively; 
𝑓𝑐𝑜
′  and 𝜀𝑐𝑜 are the stress and strain at the peak point, respectively; 
𝑛 = 0.4 × 10−3𝑓𝑐𝑜




′  and 𝜀𝑐𝑜, ultimate strain (𝜀𝑐𝑢) at crushing of concrete and elastic modulus 
(𝐸𝑐) act as main parameters of Concrete04 which control overall compressive response of concrete. 
To simulate hysteretic material responses under cyclic loading, Concrete04 uses degraded linear 
unloading/reloading stiffness model developed by Karsan and Jirsa (1969). Tensile response of 
concrete is also taken into account by defining peak tensile stress and corresponding strain. By 
adopting a concrete confinement relationship developed by Mander et al. (1988a) (Eq. 3.5 and Eq. 
3.6), Concrete04 can be also used to describe compressive response of concrete passively confined 
with transverse steel reinforcement. 
 𝑓𝑐𝑐
′  = 𝑓𝑐𝑜















′  and 𝜀𝑐𝑜 are the peak stress and corresponding strain of unconfined concrete, respectively;   
𝑓𝑐𝑐
′  and 𝜀𝑐𝑐 are the peak stress and corresponding strain of confined concrete, respectively; 
𝑓𝑙 is the confinement stress provided by the transverse reinforcement.  
Table 3.7 shows parameters of Concrete04 model used for unconfined concrete (cover concrete) 




Figure 3.41 Stress-strain response of the Concrete04 model under cyclic loading (McKenna et al. 
2000).   
ConcreteSMA is a recently developed OpenSees uniaxial material model which describes 
compressive response of concrete actively confined with NiTiNb alloy spirals (Chen and 
Andrawes 2017b; Chen 2015). Uniaxial compression test results of concrete cylinders subjected 
to active confining pressure ranging from 0.91 and 3.92 MPa were utilized to construct the new 
plasticity model of the SMA confined concrete. The proposed response of SMA concrete can be 












 𝜉 = 0.0494(−𝑓𝑐𝑜




where 𝑅 = 𝑓𝑐/𝑓𝑐𝑐
′ ; 𝑆 = 𝜀𝑐/𝜀𝑐𝑐; 𝜂 = 𝐸𝑐/𝐸𝑠𝑒𝑐, which is a parameter controlling ascending branch of 
the curve before the peak point; 𝐸𝑠𝑒𝑐 = 𝑓𝑐𝑐
′ /𝜀𝑐𝑐, which is a secant modulus of the curve; 𝜉 is an 
experimentally obtained parameter which controls descending branch of the curve. The 
compressive stress-strain response of the SMA confined concrete is quite different from that of the 
unconfined or passively confined concrete, and vary dramatically depending on the level of 
confinement pressure. Typical stress-strain response of SMA confined concrete is illustrated in 
Fig. 3.42. ConcreteSMA model is capable of capturing behaviors such as descending branch after 
the peak stress, residual stress after transition point or degradation of unloading/reloading stiffness 
of the response which are unlikely to be predicted by conventional material models, e.g. 
Concrete04. Parameters of ConcreteSMA used in this study is presented in Table 3.7. 
 







Table 3.7 Material parameters for concrete models.  
Parameter Cover concrete  Core concrete 
SMA confined 
concrete 
Material model Concrete04 Concrete04 ConcreteSMA 
Peak strength (MPa) −54 −56 −54* 
Strain at peak strength (mm/mm) −0.0030 −0.0034 −0.0030* 
Ultimate strain (mm/mm) −0.0040 −0.0051 - 
Elastic modulus (MPa) 34687 34687 34687 
Active confining pressure (MPa) - - −2.01 
*Concrete properties in the unconfined condition are used as input parameters for ConcreteSMA. 
3.7.2.2 Reinforcing steel 
Steel02 is a uniaxial material model constructed based on the Giuffrè-Menegotto-Pinto 
constitutive relationship (Giuffrè and Pinto 1970; Menegotto and Pinto 1973). This model exhibits 
bilinear stress-strain backbone curve with strain hardening effect after yielding of steel. Steel02 
also includes the Bauschinger effect, reflecting the degraded stiffness of steel with the stress 
reversal under cyclic loading. The response of steel reinforcement in Steel02 can be described by 
the following equation: 
 𝜎





where 𝜀∗ = (𝜀 − 𝜀𝑟)/(𝜀𝑜 − 𝜀𝑟) and 𝜎
∗ = (𝜎 − 𝜎𝑟)/(𝜎𝑜 − 𝜎𝑟) in which 𝜎𝑜  and 𝜀𝑜  are the stress 
and strain at an intersection point where elastic and strain hardening lines are assumed to meet, 
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and 𝜎𝑟 and 𝜀𝑟 are the stress and strain at the last load reversal; 𝑏 is the ratio of post-yield strain 
hardening to elastic modulus; 𝑅 is a parameter which controls slope of the transition from elastic 
to post-yield branches. Response of longitudinal reinforcing steel was modeled by using Steel02 
in this study. Stress-strain response of the Steel02 material under cyclic loading is presented in Fig. 
3.43. Parameters of Steel02 used in this study is presented in Table 3.8. 
 







Table 3.8 Material parameters for steel model (Steel02). 
Parameter Longitudinal reinforcing steel 
Yield strength (MPa) 77 
Young’s modulus (MPa) 28520 
Strain hardening ratio 0.01 
Parameters for transition from elastic to 
plastic branches 
Default 
Isotropic hardening parameters Default*  
*No isotropic hardening. 
3.7.3 Modeling of Composite Section 
The composite section of the RC columns can be discretized into a number of individual 
fibers which exhibit distinct stress-strain relationships of concrete and steel reinforcement 
materials. Fig. 3.44 illustrates how the fiber section was constructed in modeling of the column 
specimens. Each fiber section was composed of 288 concrete fibers and 20 steel fibers. To reflect 
various confinement conditions (i.e. unconfined, passive or active), different parameter values or 
types of concrete materials were used. The constructed fiber sections were placed at the integration 




      (a)                                 (b) 
Figure 3.44 Fiber sections of (a) passively confined and (b) actively confined column sections. 
3.7.4 Modeling of RC Columns 
Three dimensional (3-D) models with fiber sections were developed in OpenSees to 
simulate the responses of the RC column specimens. The footing and column cap were modeled 
as rigid link elements. The mass and mass moment of inertia of the mass assembly calculated in 
Section 3.3.2 were added as nodal mass at the top of the specimen. For modeling of the circular 
column part between the footing and column cap, beam with hinges element was used.  
Beam with hinges element in OpenSees is a type of force-based beam-column element 
based on the flexibility-based formulation. This element type assumes that inelastic behavior is 
concentrated in the plastic hinge regions, and therefore assigns integration points at end regions of 
the member, making the remaining interior region behave linearly elastic with a user-specified 
effective stiffness. Depending on the selected numerical integration scheme, one or two integration 
points are placed within the end regions (Scott and Fenves 2006), and the length of the end regions 
can be specified by the user in OpenSees. To predict the length of the end regions (𝐿𝑝), an equation 
(Eq. 3.7) provided by Caltrans (Caltrans 2013) based on a study by Paulay and Priestly (1992) is 
typically used.  
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 𝐿𝑝 = 0.08𝐿 + 0.022𝑓𝑦𝑑𝑏 ≥ 0.044𝑓𝑦𝑑𝑏 (mm, MPa) (3.7) 
 
where 𝐿  is the length of the column; 𝑓𝑦  and 𝑑𝑏  are the yield strength and the diameter of 
longitudinal steel bar, respectively. In this study, the two-point Gauss-Radau integration scheme 
(Scott and Fenves 2006) was selected for the column model with 𝐿𝑝 of 156 mm according to Eq. 
3.7. The effective flexural rigidity (𝐸𝐼𝑒𝑓𝑓) of about 585 kN-m
2 was used for the interior region of 
the column, and a rotational spring was added above the bottom rigid link to represent the 
flexibility at the column base. Fig. 3.45 presents the beam with hinges element of the column 
specimen.  
 




3.7.5 Modeling of Damping 
Since it is not straightforward to identify all sources of damping and reflect them in the 
numerical simulation. Damping of a structure system under vibration is typically idealized as 
viscous damping and lumped into Rayleigh damping matrix ([𝐶]) which is proportional to linear 
combination of mass ([𝑀]) and stiffness ([𝐾]) matrices with appropriate constants (Eq. 3.8). By 
using a damping ratio (𝜁) expressed as a percentage of critical damping and frequencies of the 
structural system of interest (e.g. 𝜔𝑖 and 𝜔𝑗), the Rayleigh damping constants can be determined 
(Eq. 3.9). For numerical simulation of the RC columns in this study, mass and stiffness 
proportional damping matrix was used. As a starting point, the experimentally estimated damping 
ratios from the sine sweep vibration tests (Section 3.6.2) were initially used, and then ratio values 
were calibrated according to the actual responses of the specimens. For analyses of test phase 1, 
2% damping ratio was used and the damping ratio increased to 3% for test phase 2. The first mode 
frequency (1.42 Hz) corresponding to the fundamental period of the column specimen (lateral 
direction) and vertical frequency (13.5 Hz) of the numerical column model in OpenSees were used 
to compute the Rayleigh damping constants.  
 [𝐶] = 𝛼[𝑀]+𝛽[𝐾] (3.8) 
 𝛼 = 𝜁
2𝜔𝑖𝜔𝑗
𝜔𝑖 + 𝜔𝑗







3.7.6 Analysis Results 
3.7.6.1 Transient dynamic analysis 
Non-linear time history analyses were conducted for the computational models of the RC 
columns in OpenSees, and analysis results were compared with the experimental results obtained 
from the shake table tests. The computational model of COL-2 was first constructed and analyzed 
to be used as a base model, and then concrete confinement effect was added to create the COL-1 
model by using the ConcreteSMA material at the bottom plastic hinge zone. Through the repetitive 
simulations, parameters controlling the responses of the computational models were calibrated to 
match those of the test specimens.   
 Fig. 3.46 and Fig. 3.47 present the experimental and analytical displacement time histories 
of COL-1 in the longitudinal and lateral directions for test phases 1 and 2. In the longitudinal 
direction in Fig. 3.46, the envelopes of the analytically and experimentally obtained displacement 
histories of COL-1 agreed fairly well throughout the tests. It is seen that the COL-1 model 
displaced slightly less compared to the actual column. In Fig. 3.47, the analytical responses in the 
lateral direction also showed a good overall agreement with the experimental results. However, 
the direction of the residual displacement occurred in the east direction was not accurately 
predicted by the analytical model. In addition, the sudden displacement increment in test run 6, 
associated with the direction switching of the test motions was not described in the analytical 
results. Because of the difficulty in capturing such complicated effects, comparisons were made 
for testing phases 1 and 2 (test runs 1-6) for COL-1.  
 Fig. 3.48 and Fig. 3.49, respectively, show the longitudinal and lateral displacement 
histories of COL-2 obtained from the analyses and experiments for test phase 1. In Fig. 3.48, as in 
the case of COL-1, the analytical results well described the displacement responses of COL-2 in 
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the longitudinal direction in general, showing a little smaller overall displacement amplitude, 
compared to the test results. While the actual column showed almost zero residual displacement, 
the analytical model of COL-2 slightly displaced by about 0.004 m in the north direction after 
phase 1. In Fig. 3.49, the displacement responses of the analytical model in the lateral direction 
agreed greatly well with the experimental results, showing good matches both in the peak and 
residual displacements. Since the emergency repair using the fresh mortar and SMA confinement 
changed the material properties of the damaged column, the analysis for COL-2 was carried out 
for phase 1 only. The analytical models, in general, were able to capture dynamic responses of the 
test specimens along with accumulated damages.  
 Fig. 3.50 through Fig. 3.53 present the experimental and analytical base moment-
displacement relationships of COL-1 for test phases 1 and 2. Fig. 3.50 and Fig. 3.51 indicate that 
both analytical and experimental responses in the longitudinal direction match well, showing 
comparable slopes of the curves. In phase 1, COL-1 exhibited mostly linear responses, and started 
to show nonlinear responses with hysteretic loops during phase 2. While the maximum base 
moment of COL-1 was maintained below 30 kN-m in both positive (south) and negative (north) 
directions, the analytical results slightly underestimated the moment values, compared to the 
experimental results. The responses of COL-1 in the lateral direction are shown in Fig. 3.52 and 
Fig. 3.53. It is shown that COL-1 experienced more nonlinear responses in the lateral direction, 
compared to the longitudinal direction responses (Fig. 3.50 and Fig. 3.51). This increased 
nonlinearity occurred due to the influence of stronger test motions and higher rotational 
accelerations of the mass assembly in the lateral direction. The analytical model fairly well 
simulated the responses of COL-1 during test runs 1-5 before the large displacement associated 
with the switched directions of the test motions occurred in test run 6.  
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 The analytical base moment-displacement responses of COL-2 for test phase 1 were also 
obtained and compared with the experimental results in Fig. 3.54 and Fig. 3.55. In both 
longitudinal and lateral directions, the responses acquired from the analytical and experimental 
approaches showed a good agreement in terms of slope of the curves and maximum base moment 
values. In Fig. 3.55b, the analytical results also well captured the hysteretic responses and seismic 
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Figure 3.48 Experimental and analytical displacement responses of COL-2 in the longitudinal 
direction in test phase 1. 
 
Figure 3.49 Experimental and analytical displacement responses of COL-2 in the lateral direction 




(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.50 Experimental and analytical base moment-displacement curves of COL-1 in the longitudinal direction in test phase 1. 
 
(a) Run 4 (b) Run 5 (c) Run 6 




(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.52 Experimental and analytical base moment-displacement curves of COL-1 in the lateral direction in test phase 1. 
 
(a) Run 4 (b) Run 5 (c) Run 6 




(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.54 Experimental and analytical base moment-displacement curves of COL-2 in the longitudinal direction in test phase 1. 
 
(a) Run 1 (b) Run 2 (c) Run 3 
Figure 3.55 Experimental and analytical base moment-displacement curves of COL-2 in the lateral direction in test phase 1. 
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3.7.6.2 Pushover analysis 
In the absence of shake table tests exploring the ultimate state of COL-2 (in the as-built 
condition), compared to that of COL-1, it was decided to estimate and compare responses of both 
columns analytically. Pushover analysis was conducted in OpenSees for COL-1 and COL-2 until 
the column’s failure is reported. As mentioned earlier, the numerical models of the columns were 
developed based on the proper material properties and calibration with the experimental results. 
Fig. 3.53 displays the unidirectional base moment-displacement responses of COL-1 and COL-2 
along with the corresponding shear demand (𝑉  = 𝑀 /𝐻 ) and the displacement ductility (𝜇𝑑 ) 
calculated using 𝑑𝑦 = 0.03 m. In Fig. 3.53, when the tip displacement of COL-2 reached 0.054 m 
(𝜇𝑑 = 1.8), the column started to experience crushing of core concrete at the base, which led to 
sudden reduction in the base moment. COL-1 retrofitted with SMA spirals failed at a displacement 
of 0.2 m due to the fracture of rebar. COL-1 demonstrated considerable deformation capacity up 
to 𝜇𝑑  = 6.6, about 267% greater than that of COL-2. The analytically obtained displacement 
ductility capacity (𝜇𝑑 = 6.6) of COL-1 is greater than the maximum ductility demand (𝜇𝑑 = 4.91) 
observed just before the collapse in Fig. 3.30(a). It is expected that the deformation capacity of 




Figure 3.56 Analytical base moment-displacement relationships of the RC columns. 
3.8 CONCLUSIONS 
This chapter clearly demonstrated the promising potential for using SMA spirals as an 
effective technique for performing retrofitting and rapid repair for RC columns under sequential 
earthquake records. The following is a summary of the most important findings of this study: 
 SMA spirals did not just effectively protect the concrete from crushing under strong 
seismic excitations but also contributed to delaying progressive damage in the reinforcing 
bars under successive seismic excitations, which helped significantly in mitigating the 
residual drifts of the SMA retrofitted column.  
 The SMA repair technique which was completed in only 2.5 hours was effective in 
enabling the damaged column (COL-2) to regain its seismic capacity, and avoid further 
concrete damage under subsequent seismic events. 
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 Subjected to strong seismic excitations, SMA retrofitted column (COL-1) showed highly 
ductile response under strong sequential excitations, reaching a maximum drift ratio of 
10.5% with no concrete crushing.  
 SMA spirals were effective in maintaining most of its active confinement pressure 
throughout the sequential tests losing only about 10% of its initial pressure. This helped 
significantly in avoiding the occurrence of damage patterns typically observed in RC 
columns with insufficient confinement such as concrete crushing and reinforcing bar 
bucking. Instead, failure of SMA retrofitted column was attributed to excessive low cycle 











CHAPTER 4 GLOBAL SEISMIC PERFORMANCE OF SMA 
RETROFITTED BRIDGES  
4.1 INTRODUCTION 
Despite the performance evaluation of the SMA retrofitted RC columns at the component 
level through the dynamic tests, the influence of retrofitted columns on the overall seismic 
performance of a bridge system has not been thoroughly studied. It is not clear how SMA spirals 
affect the post-earthquake functionality of the bridge after strong multiple (sequential) seismic 
events. Therefore, analytical investigation on the seismic performance of SMA retrofitted bridge 
under main shock-aftershock sequence was conducted to assess the influence of SMA confinement 
on bridge’s overall structural responses and post-earthquake operability. To achieve this goal, a 
full scale multi-frame bridge system retrofitted with SMA spirals was computationally modeled in 
OpenSees. Other bridge components such as abutments and expansion joints were modeled as 
parts of the bridge system and their interactions with the SMA retrofitted bridge columns were 
also explored in this chapter. 
4.2 DESCRIPTION OF A BRIDGE SYSTEM 
4.2.1 Prototype Bridge 
The bridge considered in this study is a four-frame box girder bridge with two columns 
supporting each frame as shown in Fig. 4.1. The total span length of the bridge is 152.4 m. The 
superstructure comprises standard AASHTO box-girder section with width of 10.8 m and depth of 
1.8 m as shown in Fig. 4.2(a). All columns in the bridge system have diameter of 1.52 m and 
longitudinal reinforcement ratio of 1.3%, which was commonly used in older bridges (Eberhard 
and Marsh 1997). The transverse reinforcement adopted is No. 4 (12.7 mm diameter) steel hoops 
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with spacing of 305 mm to reflect old seismic design provisions prior to 1971 (AASHO 1969). 
The cross-section of bridge columns is presented in Fig. 4.2(b). 
Three intermediate hinges with lead-rubber bearings were utilized in the bridge system to 
serve as expansion joints between individual frames. The bearings were designed according to the 
Federal Highway Administration bridge design guidelines (FHWA 2003). Seat type abutments 
were located on both ends of the bridge system. The width of the abutment was taken as 10.8 m 
with a height of 2.74 m. 
 
Figure 4.1 Prototype bridge layout. 
 
   (a)              (b) 
Figure 4.2 Cross sections of the prototype bridge: (a) superstructure and (b) bridge columns. 
4.2.2 Computational Model of Multi-Frame RC Bridge System 
OpenSees (McKenna et al. 2000) was used in this study to model and analyze the bridge. 
Schematic of the analytical bridge model is presented in Fig. 4.3. The superstructure of the bridge 
system was assumed to remain elastic throughout the analysis, thus was modeled using ‘Elastic 
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Beam-Column’ elements with appropriate area and moment of inertia. The self-weight of the 
superstructure was determined as 131.23 kN/m and was assigned as uniform load along the entire 
span of the superstructure.  
 
Figure 4.3 Schematic of analytical model of the prototype bridge. 
4.2.2.1 Modeling of Expansion Joints 
Based on the experimental work conducted by Robinson (1982), a bilinear backbone curve 
was used to capture the force-displacement relationship of the lead-rubber bearings located at the 
expansion joints. A lead area equal to 10% of total area of the bearing and shear yield stress of 
10.5 MPa were assumed (Robinson 1982). The resulting initial stiffness and yielding strength of 
bearing were 24 kN/mm and 325 kN, respectively, assuming two bearings located at each 
expansion joint. The hysteresis behavior shown in Fig. 4.4(a) was modeled with elastic-plastic 
material which was connected in parallel with a high-stiffness linear compression material with a 
gap of 25.4 mm (see Fig. 4.4(b)) to represent the pounding that may occur at the interface between 





Figure 4.4 Force-displacement relationships used in modeling the bearing and pounding effect: (a) 
bilinear hysteresis element and (b) gapped high-linear-stiffness element. 
4.2.2.2 Modeling of Abutments 
The extended hyperbolic force-displacement (EHFD) method and the uniaxial Hyperbolic 
Gap material in OpenSees were utilized to represent the abutment response (Shamsabadi et al. 
2010). The backfill material used in this study was assumed to be granular (silty sand) and was 
meeting the requirements of Caltrans Standard Specifications. The ultimate passive force of the 
abutment was calculated according to Seismic Design Criteria (SDC) as a function of effective 
abutment wall area and the height of abutment (Caltrans 2013). 
 The ‘Hyperbolic Gap’ material with appropriate initial stiffness and ultimate strength 
shown in Fig. 4.5 was connected in series to the hysteresis material (see Fig. 4.4(a)) representing 
the bearings located at the abutments and then assigned to a ‘Zero-Length’ element (see Fig. 4.3).  
According to Bridge Design Practice by Caltrans, a single pile stiffness should be assumed as 7 
kN/mm (Caltrans 1995). Based on the geometry of superstructure, a total of 12 piles were used for 
both abutment foundations resulting in a stiffness of 84 kN/mm assigned to a linear elastic material 
representing the abutment footing response. The elastic material was assigned to a zero-length 
element and then connected in parallel to the zero-length element representing the backfill 
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response of abutment and bearings at abutments (see Fig. 4.3). The foundation piles modeled at 
the abutments provide additional lateral stiffness, and directly affect the seismic response and 
damage state of the abutments and adjacent backfill soil. 
 
Figure 4.5 Lateral response of abutment. 
4.2.2.3 Modeling of Columns 
Bridge columns were modeled with ‘Displacement-based Beam-Column’ elements to 
capture the plasticity developed throughout the entire height of columns. Unlike the case of 
abutments, it was considered that the impact of the piles on the column response is much less 
critical in that the lateral stiffness of the columns was mostly attributed to the columns themselves 
and that the seismic damages in the columns were influenced by the relative lateral displacement 
between the top and bottom of the column. Therefore, all bridge columns were assumed to have 
fixed boundary conditions in this study. Fiber section approach was utilized to model the cross-
section of columns with appropriate material properties assigned to cover concrete, core concrete, 
and steel reinforcing bars. The uniaxial material ‘Steel02’ was used to model the stress-strain 
behavior of longitudinal reinforcing bars with yield stress of 460.57 MPa and strain hardening 
ratio of 0.01. Concrete with compressive strength of 34.5 MPa was used in this study. Two 
different types of concrete models were used to represent the responses of the actively and 
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passively confined concrete using SMA and steel lateral reinforcements, respectively. For the core 
concrete passively confined by internal steel transverse reinforcement only, the uniaxial material 
‘Concrete04’ in OpenSees was used with input values such as peak stress and peak strain 
determined based on the model developed by Mander et al. (1988a). To predict the response of the 
concrete actively confined by SMA spirals, the uniaxial material ‘ConcreteSMA’, implemented in 
OpenSees was utilized (Chen 2015).  
4.2.2.4 Modeling of Low-cycle Fatigue Response of Reinforcing Bars 
As experimentally proven by previous tests (Shin and Andrawes 2011a), the external SMA 
confinement provided at the plastic hinge zones of RC columns is expected to prevent spalling of 
cover concrete and buckling of longitudinal reinforcing bars. Chances are high that the failure of 
SMA confined column is dominated by low-cycle fatigue of reinforcing bars as demonstrated by 
the shake table tests presented in Chapter 3 and a previous study by Shin and Andrawes 2011a). 
Therefore, it was important to consider the impact of low-cycle fatigue in this study. Hence, a 
fatigue model originally proposed by Coffin (1954) and Manson (1954) was utilized with 
coefficients determined based on the study by Kunnath et al. (2009) as expressed in Eq. 4.1 
 𝑁𝑓(𝑖) =  0.0047𝜀𝑎(𝑖)
−2.03
 𝑖 = 1, 2, 3 … (4.1) 
 
where 𝜀𝑎(𝑖) is the strain amplitude at cycle 𝑖 and 𝑁𝑓(𝑖) is the number of cycles to failure at 𝜀𝑎(𝑖). 
This model relates strain amplitude to number of cycles in order to predict the fatigue life of 
reinforcing bars. To quantify the cumulative damage in bars experiencing cycles of random strain 
amplitudes during seismic events, a fatigue damage rule proposed by Miner (1945) was applied, 
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where the total fatigue damage can be approximated by linear summation of the damage occurred 







Reinforcing bars were assumed to rupture when damage index, 𝐷 reached 100%. 
4.3 FRAMEWORK OF ANALYSIS 
In order to assess the effectiveness of SMA retrofitting on the entire bridge and to consider 
the effect of ground motion characteristics a series of nonlinear dynamic analyses under main 
shock and aftershock sequences were performed in this study. 
4.3.1 Ground Motion Records 
A total of ten strong main shock-aftershock ground motion records obtained from the 
Pacific Earthquake Engineering Research (PEER) Center were used in this study. Important 
ground motion characteristics such as predominant period, significant duration, and peak ground 
acceleration (PGA) of the unscaled ground motion records are presented in Table 4.1. The main 
shock and aftershock ground motion records were obtained from the same recording station to 
ensure the uniformity in site condition for a given earthquake. All records were truncated at their 
95% significant duration. Twenty seconds of analysis time with no ground excitation was added 
between the end of main shock and beginning of aftershock to ensure that the response of the 
bridge was stabilized under free vibration before the application of aftershock. Fig. 4.6 shows the 




Table 4.1 Characteristics of earthquake ground motion records. 



































































































Figure 4.6 Main shock and aftershock sequence of Mammoth Lakes (1980) earthquake. 
The range of predominant period of the selected ground motions was wide enough to cover 
the first four fundamental periods of the bridge, namely 0.81 sec, 0.52 sec, 0.39 sec, and 0.37 sec 
which were dominated by Frame 2, Frame 4, Frame 3, and Frame 1, respectively. Response spectra 
defined in ASCE 7 (ASCE 2010) were developed and used to scale the ground motions used in 
the dynamic analyses with an assumption that the bridge was located at ‘Tarzana Cedar Hill A’ 
station in California, which had a soil type D. The ground motions for main shock were scaled 
such that the spectral acceleration of each ground motion matched a Risk-Targeted Maximum 
Considered Earthquake (MCER) response spectrum (ASCE 2010) at the first fundamental period 
of the bridge (0.81 sec). Unlike main shock which had a constant intensity at MCER level, the 
aftershock ground motions were applied with incrementally increasing intensity until the spectral 
acceleration of each motion at the first fundamental period of the bridge that was damaged from 
the main shock matched the target design response spectrum, which is defined as two thirds of the 
MCER response spectrum (ASCE 2010). Fig. 4.7 shows the response spectra of the selected ground 
motions scaled to match the MCER and design response spectra for main shock and aftershock, 






Figure 4.7 Response spectra of the scaled ground motions: (a) main shock and (b) aftershock. 
4.3.2 SMA Confinement Levels 
Four levels of SMA confinement pressure ranging from 1.03 MPa to 2.07 MPa were 
considered in this study by varying the pitch spacing of SMA spirals. Although the Bridge Design 
Aid by Caltrans specified a minimum of 2.07 MPa passive confining pressure for FRP wraps 
(Caltrans 2008), previous research had demonstrated that SMA active confinement can achieve 
significantly better improvement in flexural ductility of RC columns at confining pressure fairly 
lower than what is required for passive confinement (Shin and Andrawes 2011a). Therefore, the 
2.07 MPa was used as the upper limit of active confinement pressure in the study.  Table 4.2 
summarizes the properties of the SMA confined concrete model (ConcreteSMA) for each 
confinement level. The area and spacing of the SMA spirals were designed to achieve each level 
of effective confining pressure, 𝑃 based on Eq. 3.1, where 𝐴 is the cross sectional area of SMA 
spirals, 𝑠 is the spacing of SMA spirals, 𝐷 is the diameter of columns. The recovery stress, 𝜎𝑆𝑀𝐴 
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provided by the NiTiNb alloy was assumed as 574 MPa based on a previous experimental study 
(Dommer and Andrawes 2012). 
Table 4.2 Characteristics of SMA confined concrete. 
Parameters 
Confinement level 
L-1 L-2 L-3 L-3 
SMA wire diameter (mm) 8 8 8 8 
SMA wire spacing (mm) 36.5 27.5 22.0 18.2 
Peak concrete stress (MPa) 38.9 41.1 45.5 47.8 
Concrete strain at peak stress (mm/mm) 0.0028 0.0032 0.0039 0.0043 
Ultimate concrete stress (MPa) 13.5 17.1 24.2 27.9 
Ultimate concrete strain (mm/mm) 0.0613 0.0642 0.0725 0.0779 
Effective confining pressure (MPa) 1.03 1.38 1.72 2.07 
 
4.3.3 Limit States of the Bridge System 
Four limit states were adopted in this study to indicate the failure of the bridge system. 
These limit states are: 1) crushing of core concrete, 2) fracture of reinforcing bars, 3) reaching 
ultimate capacity of abutment, and 4) expansion joint opening exceeding 305 mm. The first limit 
state, crushing of core concrete indicates the formation of plastic hinge at a column. The failure of 
reinforcing bars in the second limit state can be defined either by reaching tensile strain beyond 
9% as specified in SDC for No. 11 (35.8 mm diameter) or larger bars (Caltrans 2013), or by 
reaching a low-cycle fatigue damage index, 𝐷  of 100% (Eq. 4.2). The third limit state was 
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calculated based on SDC which defined the ultimate longitudinal force capacity of an abutment as 
the effective area of abutment multiplied by the maximum passive pressure of soil (Caltrans 2013). 
The calculated ultimate force capacity was 11605 kN which corresponded to an abutment 
displacement of about 164 mm as depicted in Fig. 4.5. The last limit state was imposed to indicate 
the unseating of the superstructure during a strong earthquake. 
4.3.4 Analysis Procedure 
Preliminary analysis under MCER-scaled main shock excitations revealed that the first limit 
state dominates the behavior of the as-built bridge, i.e., one or more columns experience concrete 
core crushing (due to lack of confinement) prior to observing any of the other limit states. 
However, the number and location of the damaged columns varied depending on the main shock 
record. Based on this observation, an analysis framework which consisted of two main steps was 
established as illustrated in Fig. 4.8. The first step was aimed at identifying the location(s) of 
concrete core crushing under MCER level main shocks, which clearly indicate the location(s) 
where retrofit is needed. SMA retrofit with varying levels (L-1 through L-4) was then applied at 
these identified vulnerable locations and the analysis was repeated to ensure that no damage is 
observed. The SMA spiral retrofit was applied only at the plastic hinge (at the top and bottom of 
column) assuming a plastic hinge length equal to the column diameter, 1.52 m. This assumption 
was based on previous experimental studies that showed the damage to be concentrated within this 
region (Shin and Andrawes 2011a).   
The second step of the analysis focused on evaluating the behavior of the retrofitted bridge 
under sequential ground motions comprising MCER level main shock followed by incrementally 
increasing intensity aftershock until either reaching a limit state or the design level intensity 
corresponding to the design response spectrum (see Fig. 4.7). It is important to note that during 
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the sequential analysis the damage is accumulated throughout the analysis, therefore the scaling of 
the aftershock ground motion was based on the fundamental period of the bridge which was 
evaluated using eigenvalue analysis after the completion of the main shock analysis.  
The analysis procedure was repeated for each set of the selected ground motion records 
and confinement levels from L-1 to L-4 defined in Table 4.2. If the bridge columns required SMA 
retrofitting, the same confinement level was applied at the locations where concrete crushing was 
observed. Finally, at the end of step 2, the seismic performance of the bridge was assessed by 
investigating the state of seismic damages at the material and component levels. The results of the 




Figure 4.8 Flowchart of analysis framework. 
4.4 ANALYSIS RESULTS 
4.4.1 As-built Bridge Response and Retrofit 
The objective of this section is to evaluate the seismic performance of the as-built bridge 
under main shocks scaled to MCER level, and to understand how the seismic capacity of the bridge 
was enhanced through SMA retrofit. Subjected to strong main shocks, the as-built bridge 
experienced severe seismic damage, and the crushing of concrete core was the dominant mode of 
failure for all considered earthquakes. Fig. 4.9 displays the damage state of concrete for each of 
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the bridge columns under various main shocks. Each numbered circle represents a bridge column 
and the hatched circles represent crushed concrete. Hatched circle only at the bottom half indicates 
that crushing of core concrete occurred only at the bottom of the corresponding bridge column 
while a fully hatched circle indicates core concrete crushing both at the top and bottom of the 
bridge column. In the analysis of the retrofitted bridge, SMA spirals were applied only at the 
columns where concrete crushing was observed. For practical purposes the retrofitted columns 
were equipped with SMA spirals at both top and bottom plastic hinge locations regardless of 
whether or not concrete crushing was recorded at the top.  
The main shock analysis results in Table 4.3 (2nd column) can be divided into four primary 
damage groups (G-1 through G-4) depending on the damage pattern of the bridge columns. In 
general, as expected, crushing of core concrete was concentrated primarily in the shorter columns 
with smaller aspect ratios, i.e., Columns 1 and 2 (supporting Frame 1) and Columns 5 and 6 
(supporting Frame 3). The least degree of column damage was observed in G-1 under the 
Mammoth Lakes record, as only Columns 5 and 6 (supporting Frame 3) were damaged. Frame 3 
is adjacent to two relatively flexible frames (Frames 2 and 4), hence was subjected to higher 
displacement demands compared to Frame 1. G-2 included half of the analyzed cases (five ground 
motions) where core concrete damage was observed at the columns supporting both rigid frames 
(Frames 1 and 3). However, in four out of the ten analyzed cases longer bridge columns also 
suffered from core concrete crushing as indicated by G-3 and G-4 in Table 4.3. Ground motions 
analyzed in G-3 are characterized with high predominant periods greater than 0.6 sec, which are 
close to the first two fundamental periods of the bridge dominated mainly by the flexible frames 
(Frames 2 and 4). The relatively low predominant frequencies of those ground motions were 
expected to amplify the motions of the flexible frames and induce crushing of concrete in longer 
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bridge columns. In only one of the analyzed records concrete core crushing was observed in all 
bridge frames (G-4). 
Table 4.3 Status of concrete damage in the as-built bridge columns after main shock. 

























After the main shock analysis, the as-built bridge columns which experienced concrete 
crushing were retrofitted with SMA spirals at the confinement level L-1 (1.03 MPa), and the 
undamaged, retrofitted bridge was again excited by the same level of main shock followed by 
incrementally increasing intensity aftershock. For the retrofitted columns, damage of cover 
concrete was monitored instead of core concrete since SMA spirals were applied externally. 
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Analyzing all cases revealed that concrete crushing was effectively prevented and the retrofitted 
bridge survived both scaled main shocks and subsequent design level aftershocks without reaching 
any of the limit states. Even with the lowest level of SMA confinement (L-1) concrete crushing 
was prevented due to the considerably ductile behavior of SMA confined concrete. 
4.4.2 Damage Assessment of SMA Retrofitted Bridge 
Although the analytical results illustrated that using as low as 1.03 MPa of SMA 
confinement (L-1) can effectively prevent any catastrophic failures in the bridge, it is still critical 
to understand how the level of SMA confinement impacts the damage state on the material and 
component levels. Hence, this section focuses on discussing the capability of SMA spirals with 
various designs to mitigate the initiation and progression of damage under strong sequential ground 
motions. 
4.4.2.1 Concrete Damage Assessment 
To assess the damage in concrete, strength degradation of SMA confined concrete was 
monitored and recorded at the end of both main shock and aftershock excitations. The concrete 
fiber which sustained the highest damage was selected and its strength reduction with respect to 
the maximum compressive strength was monitored throughout the analyses. As expected, the 
concrete fibers located at the plastic hinge zones of the short bridge columns experienced the 
highest damage. Fig. 4.9 presents the reduction in concrete strength for each confinement level 
under main shock records. When L-1 confinement was used, the strength reduction of concrete 
varied from 20.1% to 43.6% for all ten records with a median of 27.6%. As the level of SMA 
confinement increased, the median of the strength reduction decreased linearly, recording 22.5%, 
17.9% and 13.9% for confinement levels L-2, L-3 and L-4, respectively, with about 4.6% drop at 
each confinement change. The largest four strength reductions were observed from records 
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Livermore, Northridge 2, Chi-Chi 3 and Chi-Chi 1 in descending order, which associated with 
damage groups G-3 and G-4 (see Table 4.3), resulting in an average strength reduction of 38.7% 
with L-1 confinement. The large strength reductions were related to the high predominant periods 
of those earthquakes, which excited the flexible frames (Frames 2 and 4) of the bridge as 
mentioned earlier. The amplified motions of the flexible frames imposed higher displacement 
demands on the adjacent rigid frames (Frames 1 and 3), which in turn induced more concrete 
damage in the short columns.  
To shed light on the material level behavior Fig. 4.10 shows an example of the stress-strain 
responses of a concrete fiber at the base of Column 5 under the Chi-Chi 1 main shock. The concrete 
fiber which crushed at the ultimate strain of 0.0068 mm/mm (100% strength reduction) in the as-
built condition sustained higher compressive strain after being retrofitted with L-1 confinement 
level, and showed a strength reduction of about 33.7%. On the other hand, earthquakes in damage 
groups G-1 and G-2 which caused core concrete damage only in the short bridge columns recorded 
relatively low strength reductions. The strength reductions for G-1 and G-2 were less than those 
for G-3 and G-4 by about 13.2% on average for all the confinement levels. Despite some variability 
depending on the applied earthquakes, this result clearly shows that higher active confining 
pressure can substantially delay concrete damage. The strength reduction of concrete under 
combined main shock and aftershock ground motions was also calculated and it was found that 
the average strength reductions after main shock-aftershock from L-1 to L-4 were quite close to 
those after main shock only, which revealed that the influence of the aftershock ground motions 





Figure 4.9 Strength reduction of concrete with different levels of SMA confinement under main 
shock. 
 
Figure 4.10 Concrete stress-strain responses under main shock of Chi-Chi 1. 
4.4.2.2 Reinforcing Bars Damage Assessment 
In this section, the accumulation of damage in the retrofitted bridge reinforcing bars due to 
low-cycle fatigue is assessed using the damage index presented in Eq. 4.2. Table 4.4 shows how 
the maximum damage indices observed in the bridge columns changed under main shock and 
aftershock of all the considered earthquakes when the as-built bridge was retrofitted with L-1 
confinement level. The number of inelastic half cycles of a steel rebar exceeding 0.5% strain is 
also provided in Table 4.4. In most cases, the maximum damage indices were found from Column 
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6 of Frame 3 which was affected by the motions of the adjacent flexible frames, thus accumulated 
more damages in the rebars than Frame 1. The two highest damage indices of 29.1% and 27.3% 
were obtained when the bridge was subjected to Irpinia and Northridge 1 records, respectively. 
High amplitude ground accelerations during the long durations of these earthquakes induced a 
large number of inelastic strain reversals of the rebars, which directly increased fatigue damage as 
indicated by the number of half cycles exceeding 0.5% strain. As shown in Table 4.4, the fatigue 
damages accumulated during main shock were alleviated as the bridge columns were retrofitted 
with L-1 SMA confinement.  
To better understand how the active confinement level impacts the damages in the rebars, 
the average damage indices of the as-built and retrofitted columns for each confinement level are 
compared in Fig. 4.11, taking into account the effect of the significant duration of main shock (see 
Table 4.1). A significant duration of 15 sec was set as the threshold for short and long durations 
considering the total range of the significant durations of all the records. As illustrated in Fig. 4.11, 
the as-built bridge column recorded an average damage index of 20.7% under long durations, 
significantly greater than the 11.4% damage index recorded under short durations. After 
retrofitting, the average damage indices of the bridge column under main shock dropped by about 
23.7% and 30.9% for both long and short significant durations, respectively. As the confinement 
pressure increased up to L-4, the average damage indices did not show any remarkable changes, 
indicating that SMA confinement level as low as L-1 is sufficient to mitigate the fatigue damage 
in the rebars and additional confinement will have almost no further effect. This behavior of the 
rebar was attributed to the effectiveness of SMA confinement with pressure as low as 1.03 MPa 
(L-1) to eliminate concrete crushing. This plays an important role in reducing the deformation 
demands on the steel bars, which consequently helped mitigate low-cycle fatigue damage 
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accumulation. On the other hand, the reinforcing bars in the as-built bridge columns were subjected 
to high deformation demands due to severe core concrete crushing. 
Table 4.4 Maximum damage index (%) in steel rebars of the as-built and retrofitted bridge columns 
under main shock and aftershock sequence. 
Earthquake 
As-built bridge Retrofitted bridge (L-1 confinement) 
Main shock Main shock After shock 
Christchurch 5.2 (4)a 4.3 (3) 12.2 (8) 
Mammoth Lakes 12.8 (13) 10.3 (9) 15.7 (5) 
Irpinia 29.1 (30) 24.0 (23) 29.5 (5) 
Chi-Chi 1 13.0 (13) 8.8 (8) 13.6 (3) 
Chi-Chi 2 13.3 (11) 10.8 (8) 19.9 (12) 
Chi-Chi 3 10.8 (13) 7.8 (12) 12.6 (8) 
Chi-Chi 4 7.2 (6) 5.6 (6) 9.2 (5) 
Northridge 1 27.3 (22) 19.5 (15) 29.6 (8) 
Northridge 2 14.7 (6) 8.8 (4) 11.1 (4) 
Livermore 17.8 (11) 10.6 (10) 14.8 (3) 





Figure 4.11 Average damage index in steel rebars under main-shock excitations with different 
confinement levels. 
Unlike the case of concrete damage accumulation, a significant increase in rebar damage 
was observed due to aftershocks. As illustrated by Table 4.4, the damage indices accumulated 
under aftershock were much less compared to those under main shock. However, relatively high 
increase in damage index was observed depending on the characteristics of aftershock motions. 
For example, the damage indices accumulated under main shock of Christchurch and Chi-Chi 2 
further increased by up to 190.5% and 84.3% under aftershock, respectively. These earthquakes 
are characterized by relatively long significant durations and/or ground acceleration with high 
amplitude. Even though the cumulative damage indices recorded in this study are less than 30%, 
additional rebar damages are expected under following aftershocks. The results clearly indicate 
that aftershocks may induce considerable rebar damage which cannot be ignored. 
4.4.2.3 Abutment and Expansion Joint Damage Assessment 
This section highlights the impact of SMA column retrofitting with different confinement 
levels on the seismic response of the bridge’s abutments and expansion joints. As the displacement 
of the abutment indicates the level of damage sustained by the abutment walls, Fig. 4.12 shows a 
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comparison between the maximum abutment displacement of the as-built and the retrofitted bridge 
with different levels of SMA confinement under main shock excitations. The abutments of the as-
built bridge sustained substantial damage reaching maximum displacements as high as 159 mm, 
yet they did not fail under any of the main shock records as shown in Fig. 4.12. Fig. 4.12 also 
shows that the maximum displacements of each earthquake slightly changed after the bridge was 
retrofitted but the differences remained within 7% compared to the displacement of the as-built 
bridge. This demonstrates that the effect of the SMA confinement on the seismic behavior of the 
abutment was quite small. The maximum abutment displacements under the main shock and 
aftershock sequence were also checked. It was revealed that the aftershock ground motions did not 
cause additional damage to the abutments except for the case of the Chi-Chi 4 record where the 
maximum displacement increased from 118.6 mm to 133.5 mm. In most cases, the influence of 
aftershock on the abutment response were negligible once the abutments already sustain large 
displacements under a strong main shock. 
 
Figure 4.12 Maximum abutment displacement under main-shock earthquakes with different levels 
of SMA confinement. 
On the other hand, monitoring the responses of the bridge’s expansion joints showed that 
the hinge openings at the abutments were much greater than those at the intermediate joints 
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because of the interconnected responses of the frames. However, unseating of the superstructure 
did not occur under any of the considered earthquakes. To explore the impact of column retrofitting 
on the expansion joints, the residual hinge openings at the joints were investigated, especially at 
the left abutment which exhibited the greatest openings. Fig. 4.13 shows how the residual hinge 
openings at the left abutment changed under the main shock and aftershock excitations after L-1 
SMA confinement application. In Fig. 4.13, the joint at the left abutment had relatively large 
residual openings under the main shock of Livermore, Northridge 2 and Chi-Chi 3, three records 
associated with damage groups G-3 and G-4. As an example of such behavior, Fig. 4.14 shows 
hinge openings recorded at the left abutment of the as-built and retrofitted bridges with L-1 
confinement level under the main shock and aftershock sequence of Livermore earthquake. This 
response pattern was mainly attributed to the behaviors of Frames 1 and 2 which permanently 
displaced towards Frame 3 due to core concrete damage in the as-built condition. After being 
retrofitted, Frames 1 and 2 experienced less residual displacements towards Frame 3, and the 
residual hinge openings at the left abutment under those earthquakes reduced by 54% on average. 
On the other hand, the hinge opening responses in damage groups, G-1 and G-2, did not show 





Figure 4.13 Residual hinge openings at the left abutment of the as-built and retrofitted bridges (L-
1) under main shock and aftershock. 
 
Figure 4.14 Time history of hinge openings at the left abutment of the as-built and retrofitted (L-
1) bridges under the Livermore Earthquake. 
Unlike the results of the main shock analysis where the residual hinge openings were 
closely associated with the damage pattern and the retrofitting of the bridge columns, the residual 
hinge openings showed low correlation with those factors under the aftershock excitations. Since 
concrete crushing did not occur under aftershock of any of the earthquakes, no substantial residual 
elongation of the rebars were observed in the retrofitted bridge columns. Instead, the responses of 
the retrofitted bridge columns were more influenced by the random characteristics of the 




This chapter investigated numerically the overall seismic behavior of a multiple-frame 
bridge with supplementary SMA active confinement provided at the plastic hinges of the most 
vulnerable columns when subjected to strong main shock-aftershock excitations. Nonlinear 
dynamic analyses were carried out on as-built and SMA-retrofitted bridges while monitoring the 
state of damage at the local and global levels under four different levels of active confinement. 
Overall, the study revealed that the seismic performance of the studied bridge greatly improved by 
applying SMA active confining pressure as low as 1.03 MPa at the columns with insufficient 
ductility. A summary of the most important findings of the study is presented below: 
 Under strong main shock excitations, the ultimate state of the as-built bridge was primarily 
governed by severe core concrete damage concentrated in the plastic hinge zones of the 
short columns. 
 The concrete damage pattern of the bridge columns from the main shock analysis can be 
divided into four damage groups (G-1 – G-4). In groups G-1 and G-2, core concrete 
crushing occurred only at the short columns (Frames 1 and/or 3) while groups G-3 and G-
4 exhibited concrete damage at longer columns (Frames 2 and/or 4) as well, which were 
greatly excited by ground motions of high predominant periods greater than 0.6 sec. 
 Concrete crushing in the bridge columns were effectively prevented by providing SMA 
confinement as low as 1.03 MPa. As the level of the SMA confinement increased from 
1.03 MPa to 2.07 MPa, the median concrete strength reduction decreased from 27.6% to 
13.9%. 
 SMA confinement level L-1 (1.03 MPa) was sufficiently able to reduce fatigue damage in 
rebars under main shock excitations by as high as 30.9%. Aftershock excitations increased 
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the rebar damages accumulated under main shock by up to 190.5%, indicating the 
damaging effects of strong aftershocks.  
 The maximum abutment wall displacements under main shock were not greatly affected 
(less than 7% change) by the application of SMA retrofits.  
 Residual expansion hinge openings were reduced on average by 54% as the as-built bridge 
was retrofitted with the lowest level of SMA confinement (L-1). 
 In contrast with the case of rebar damage, this study showed that aftershocks had negligible 
effects on the damages sustained by the concrete of the bridge columns as well as bridge 
abutments. 
 While the variation in the level of SMA confinement affected the behavior and damage 
states of concrete directly, its impact on the behaviors of rebars, abutments and expansion 
joints was relatively small. It was shown that the seismic response of other bridge 
components was not greatly influenced by the SMA confinement level as long as concrete 











CHAPTER 5 DEVELOPMENT OF MATERIAL TESTING 
INTEGRATED SIMULATION FRAMEWORK 
5.1 INTRODUCTION 
Under the rapidly changing circumstances, civil infrastructural systems have shown 
weaknesses associated with limitations of conventional construction materials such as concrete 
and steel. There has been a growing interest in using new construction materials, such as SMAs 
with the aim of enhancing the structural durability and resilience and prolong the service life of 
structures. However, the behaviors of many of the new construction materials are often complex 
and have not been sufficiently studied and are not able to be described using existing material 
models. This is especially true when these materials undergo significant thermal and/or chemical 
changes caused by the complex, extreme loading scenarios that structures may encounter 
throughout their service life. Lack of in-depth knowledge of material behavior under those loading 
conditions hinders the accurate prediction of the performance of a structural system. In order to 
bridge the gap in knowledge and make civil infrastructures more robust against potential hazards, 
it is quite important to develop a new evaluation scheme capable of accurately predicting the 
structural performance based on realistic and reliable material behavior. In this chapter, a new 
simulation framework named material testing integrated (MTI) simulation is proposed. MTI 
simulation incorporates material testing into analytical simulations. Fig. 5.1 depicts the concept of 
this new hybrid method which aims at combining the benefits of conventional analytical and 
experimental approaches in an innovative way. MTI simulation is utilized in this research to study 




Figure 5.1 Schematic of the concept of MTI simulation. 
5.2 CONCEPTUAL DISCUSSION 
5.2.1 Advantages of MTI Simulation 
The concept of MTI simulation initiated from an idea to combine experimental testing into 
numerical simulation for the performance evaluation of a structure. While the overall structure is 
numerically modeled in an analysis platform, one or more materials which exhibit complex 
behaviors can be replaced by physical specimens and tested in the laboratory. The responses of the 
test specimens are incorporated in the analysis platform by continuously providing realistic 
material behavior in place of the existing material models to contribute to the more accurate 
prediction of the structural response. In the proposed MTI simulation, a single physical specimen 
that represents a specific material is tested and the experimental data is utilized to update the 
material behavior for all corresponding regions/components of a structural system. This method is 
quite effective in simulating structures with a number of critical regions/components subjected to 
different demand levels (e.g. plastic hinges in a moment resisting frame or multiple columns in a 
bridge system). In conventional hybrid simulation, the number of structural components physically 
tested is limited to three in most cases (e.g. Spencer et al. 2006; Takahashi et al. 2008; Terzic and 
Stojadinovic 2013; Frankie et al. 2013; Abbiati et al. 2015 among many others). Changing material 
related parameters during conventional hybrid simulations would require constructing and testing 
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new set of component specimens; a strategy that is quite costly and time consuming. The MTI 
simulation alternative is expected to be more flexible and cost-effective. Furthermore, it could 
either be applied in a real-time mode (i.e. numerical analysis and experimental testing are 
performed concurrently) or in a non-real-time mode through feeding the numerical analysis with 
previously obtained experimental data from physical tests designed with desired loading 
conditions. A discussion on the development of the new MTI simulation framework for the 
purpose of studying the new SMA material reinforcement in RC bridge columns is presented in 
the following sections. 
5.2.2 Concept of MTI Simulation 
When applying MTI simulation to analyze the seismic response of a RC bridge column the 
following assumptions are considered: 1) Response of flexural-dominant RC components can be 
numerically approximated by using a fiber-based beam-column element where the uniaxial stress-
strain relationship of each individual fiber whether concrete or steel fibers determines the sectional 
response. 2) Complex or highly nonlinear behavior which requires extensive numerical simulation 
is typically concentrated in a relatively localized region of the column such as the plastic hinge 
region.  
Fig. 5.2 illustrates how the numerical beam-column element model and experimentally 
obtained material responses can be interconnected within MTI simulation approach. If the response 
of the plastic hinge can be described by one or more composite sections in a beam-column model, 
section deformations represented as axial strain (𝜀𝑎) and curvature (𝜅) for those composite sections 
are numerically calculated during the simulation. For the given section deformations, for example 
in Section 1 in Fig. 5.2, strain (𝜀𝑖) for each 𝑖th fiber is calculated depending on its location (𝑦𝑖) in 
the cross section (Eq. 5.1) and distributed along the depth based on the assumption that plane 
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sections remain plane. From all corresponding sections, a concrete fiber under the highest 
compressive loading demand (𝜀𝑚𝑎𝑥), (e.g. extreme fiber in the section) can be chosen based on the 
assumed strain distribution and substituted by the test data of a physical concrete specimen (e.g. 
cylinder or prism) subjected to uniaxial loading at the corresponding strain level. The 
experimental-based stress-strain response history obtained by reaching 𝜀𝑚𝑎𝑥  will be used to 
predict the behavior of other fibers in the section based on the assumed strain distribution and 
represent a new uniaxial constitutive relationship for the plastic hinge concrete used in the RC 
column simulation. The obtained stress value (𝜎𝑖) and area (𝐴𝑖) of each concrete fiber will be used 
to compute resultant axial force (𝑁) and moment (𝑀) acting on the section (Eq. 5.2 and Eq. 5.3, 
respectively), and incorporated in the beam-column element model along with the rest of the 
column’s components that are represented numerically (e.g. steel rebar fibers and concrete fibers 
outside the plastic hinge region). 
 𝜀𝑖 = 𝜀𝑎 − 𝑦𝑖𝜅 𝑖 = 1, 2, ... , 𝑛 (5.1) 
 𝑁 = ∑ 𝜎𝑖𝐴𝑖
𝑛
𝑖=1
  (5.2) 
 𝑀 = ∑ −𝑦𝑖𝜎𝑖𝐴𝑖
𝑛
𝑖=1
  (5.3) 
 
The experimental concrete response is not just applied to one plastic hinge region but to 
multiple plastic hinge regions of the RC columns in a bridge system as depicted in Fig. 5.3. If the 
plastic hinge region of the RC column is confined, then the concrete specimen under the equivalent 




Figure 5.2 Concept of computing section response using test data of a concrete specimen. 
 
Figure 5.3 MTI simulation approach for a RC bridge using concrete material test results. 
In the laboratory, the axial force-displacement response of the concrete specimen measured 
along its entire length will be used to gain the experimental stress-strain curve. In general, when 
concrete is loaded in compression, it starts to develop micro-cracks and exhibits more like 
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homogeneous behavior before reaching the peak compressive stress. At the peak stress, however, 
as the micro-cracks propagate further, the concrete can form a localized damage zone which has 
highly concentrated deformation (Read and Hegemier 1984; Shah and Sankar 1987; Torrenti et al. 
1993; Choi et al. 1996; Jansen et al. 1997; van Mier et al. 1997). From a physical point of view, 
due to this localized softening effect, the concrete may show distinct material behaviors in different 
locations of the specimen. In the MTI simulation approach, it is assumed that those non-uniform 
concrete behaviors can be averaged and represented by the axial force-displacement response of 
the specimen.   
5.3 IMPLEMENTATION OF MTI SIMULATION FRAMEWORK 
5.3.1 Introduction 
The framework of MTI simulation resembles that of the conventional pseudo-dynamic 
hybrid simulation as both approaches share many common features in their conceptual 
background. Some of the framework components used in hybrid simulation can be borrowed and 
combined with new components to complete the MTI simulation framework. Development of the 
MTI simulation framework typically involves preparing and connecting the following key 
components: 1) Main simulation platform which administers overall simulation process and 
combines necessary data to proceed with step-wise simulation, 2) numerical models of a structural 
system and analysis platforms to predict the structural responses, and 3) experimental tests to 
provide reliable material response. A schematic diagram shown in Fig. 5.4 presents the key 
components of the MTI simulation framework. These components are commonly required to 
perform MTI simulations but may have slight changes depending on the configuration of the 
structural system and the mode of simulation in which experimental data are provided (i.e. real-
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time or non-real-time mode). The detailed discussion on the components of the framework and 
their functionalities used for this MTI simulation is provided. 
 
Figure 5.4 Components of the MTI simulation framework.  
5.3.2 MTI Simulation Platform: UI-SimCor 
First, as a main simulation platform, UI-SimCor developed by Kwon et al. (2008b) was 
selected. UI-SimCor is a MATLAB-based software program originally developed for pseudo-
dynamic hybrid simulation. The construction of UI-SimCor is based on a modular architecture 
which enables flexible and easy application of various functional elements required to conduct 
hybrid simulation. Through the module-based substructuring technique, the whole structural 
system of interest can be divided into pieces of structural component modules, and the responses 
of each structural component can be combined again at the system level. Any time integration 
scheme developed for pseudo-dynamic hybrid simulation can be adopted in UI-SimCor, as a 
separate integration module, and replaced by other advanced integration schemes. Different types 
of communication techniques can be utilized to send command to each substructure and receive 
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feedback data. The diagram in Fig. 5.5 presents the architecture of UI-SimCor and simple data 
flow between other software platforms within the hybrid simulation framework. Those 
functionalities of UI-SimCor used for hybrid simulation can be directly utilized in MTI simulation. 
Since the open source code of UI-SimCor is available in MATLAB scripts, its functional elements 
can be easily modified or combined with new software programs needed for MTI simulation. For 
the sake of its effective use and further development for MTI simulation, it is necessary to address 
the brief software program architecture and functionalities of UI-SimCor.  
 
Figure 5.5 Software architecture of UI-SimCor and connections with substructures.  
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One of the main functionalities of UI-SimCor is the implementation of time integration 
scheme needed for pseudo-dynamic simulation. Global dynamic responses of the structural system 
subjected to earthquake loading is approximated by the equation of motion in the form of the 
second order differential equation (Eq. 5.4).  
 𝑀?̈?(𝑡) + 𝐶?̇?(𝑡) + 𝑟(𝑡) = −𝑀?̈?𝑔(𝑡)  (5.4) 
 
Using the time integration technique, the equation of motion of the system is solved by 
transforming the dynamic structural responses into a series of step-wise static equilibrium. At each 
time step, target displacements (command) for the structural components are generated, and static 
analysis of the numerical model and quasi-static loading test of the physical specimen for the 
imposed displacements are concurrently conducted. Restoring forces (feedback) from each 
component are assembled in the restoring force vector (𝑟) in the equation of motion (Eq. 5.4) to 
predict the global responses of the structure at the next time step. Mass matrix (𝑀) and viscous 
damping matrix (𝐶) in the equation of motion (Eq. 5.4) are numerically modeled in UI-SimCor, 
and earthquake ground accelerations (?̈?𝑔) are also applied through UI-SimCor. While there are 
several time integration options are available, UI-SimCor adopted α-Operator Splitting (OS) 
integration technique (Combescure and Pegon 1997) as a main integration scheme.   
Another functionality of UI-SimCor is the substructuring technique which allows the 
segmentation of the structural system at the component level and the acquisition of static responses 
of each structural components. The structural components are represented either by numerical 
model in the analysis tool such as OpenSees or by test specimen in the laboratory. At the interface 
nodes where the segmented substructures adjoin, the degrees of freedom (DOFs) and the 
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corresponding structural responses are shared by the substructures, satisfying the displacement 
compatibility and force equilibrium. In UI-SimCor, the DOFs of each substructure are mapped 
onto the global DOFs of the structural system, enabling the restoring force feedback from each 
substructure to be accordingly integrated in the system level equation of motion (Eq. 5.4). Some 
of the DOFs of the structure which are considered unnecessary can be inactivated to reduce the 
size of the problem and increase the efficiency of the time integration. Only the DOFs at the 
interface nodes, the DOFs at which the inertia forces applied, and the DOFs of specific concern 
can be defined as effective DOFs, and included in the equation of motion. As an example, Fig. 5.6 
shows how the substructuring of a full frame structure is conducted in UI-SimCor. If the frame is 
divided into three substructures as illustrated in Fig. 5.6, each column or beam component can be 
separately represented and connected through the interface nodes. Instead of using a total of twelve 
DOFs at all four nodes (excluding the two nodes at the fixed bases), only six DOFs at the two 
interface nodes can be set as effective DOFs and engaged in the equation of motion.  
 
Figure 5.6 Substructuring technique implemented for the frame system. 
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In UI-SimCor, each segmented substructure is recognized as a discrete module, and all 
communication and data exchanges between UI-SimCor and each substructure are maintained 
through the established modules as indicated in Fig. 5.5 (Module #1 throughout Module #N). 
While various types of communication schemes are available in UI-SimCor, Transmission Control 
Protocol/Internet Protocol (TCP/IP) network was implemented in the current study, considering 
its easy availability through Instrument Control Toolbox in MATLAB. Since analytical platforms 
or testing systems in the laboratory are not typically equipped with communication capability 
compatible with UI-SimCor, a customized interface program need to be developed for each 
substructure. This interface program establishes the connection between UI-SimCor and each 
substructure, and transfers the target displacement command and restoring force feedback during 
the simulation. As indicated in Fig. 5.5, when TCP/IP connection is established, UI-SimCor acts 
as a client, and the interface program representing the substructure acts as a server. IP address and 
port number of each server (substructure) need to be specified by the user in UI-SimCor. The 
typical sequence of communication using TCP/IP network in UI-SimCor can be summarized as 
follows:  
1) Initialization – Create TCP/IP object with IP address and port number of each substructure. 
2) Open – Establish TCP/IP connection with each substructure. 
3) Transfer of displacement and force data – Send target displacement command to each 
substructure, and receive measured displacement and force feedback during simulation steps. 
4) Close – Terminate TCP/IP connection. 
Fig. 5.7 shows the control panel of UI-SimCor. The simulation procedure starts from 
connection establishment followed by initial stiffness evaluation, gravity loading application, and 
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pseudo-dynamic testing. Each procedure can be executed by the user through the control panel. 
The connection can be terminated after the simulation is completed.  
 
Figure 5.7 Graphic user interface of the UI-SimCor control panel. 
5.3.3 Development of a New Analysis Platform based on the Flexibility Element Formulation 
In MTI simulation, as in the case of the hybrid simulation approach, the full structural 
system can be divided into substructures at the component level and separately modeled. If 
behavior of the segmented substructure is relatively well understood or has less significant impact 
on the global structural response, it can be modeled purely numerically in conventional analysis 
program such as OpenSees. However, the substructure with unique or complex material behavior 
may need to be represented by a numerical base model, and the portion of the base model can be 
substituted by experimental data at the material level. Constructing a hybrid (numerical-
experimental) model and predicting its structural response as a part of the new simulation 
framework necessitated the development of a new analysis software program distinguished from 
the conventional programs.  
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As a new analytical platform predicting the responses of the hybrid structural model, a 
finite element analysis (FEA) software program is newly developed in MATLAB. This program 
carries out nonlinear static analysis to evaluate the flexural dominant behavior of the RC column 
using the fiber-based beam column model once element deformations (target displacements) are 
given from the MTI simulation platform (UI-SimCor). For communication with UI-SimCor, the 
program is equipped with its own wireless network system (TCP/IP network) which continuously 
receives and sends commands and feedback, back and forth. This communication system acts as 
the interface program illustrated in Fig. 5.5. Furthermore, in this program, the numerical base 
model of the RC column can be easily integrated with experimental material data at any locations, 
and form a new hybrid (numerical-experimental) model. In this section, the communication system 
and the main static analysis part of this program are discussed in detail.  
First, to make a seamless communication with UI-SimCor, the TCP/IP communication 
system of the MATLAB FEA program was constructed according to the communication protocol 
defined in UI-SimCor. A series of command flags was predefined in UI-SimCor to administer each 
communication sequence i.e., the establishment and termination of TCP/IP connection, and 
transfer of displacement and force data. The command flags coded in MATLAB scripts for 
communication are presented as follows: 
p.CMD.RQST_INITIALIZE       = char( 3); 
p.CMD.RPLY_INITIALIZE_OK    = char( 4); 
p.CMD.RQST_PUT_TARGET_DIS   = char(11); 
p.CMD.RPLY_PUT_DATA         = char(16); 
p.CMD.RQST_TEST_COMPLETE    = char(17); 
 
The detailed communication protocol is visually presented in Fig. 5.8. At each 
communication sequence, UI-SimCor and the interface program of the FEA program exchanges a 
152 
 
set of command flags converted into character array. For the initialization of the connection and 
its confirmation, the command flags ‘char( 3)’ and ‘char( 4)’ are used. When the displacement 
and force data are sent at each simulation step, the command flags ‘char(11)’ and ‘char(16)’ are 
used first before the transfer of the actual data.  The command flag ‘char(17)’ is used to indicate 
that the connection is terminated. The design of this communication system is quite important to 
make the FEA program exchange the commands and take appropriate actions in a timely fashion.     
 
Figure 5.8 Communication protocol between UI-SimCor and the MATLAB FEA program. 
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In the main body of the FEA program, the force-based beam-column element approach 
with fiber sections (Taucer et al. 1991; Spacone et al. 1996a; Spacone et al. 1996b) was adopted 
to numerically represent RC columns with flexural dominant behavior. Force-based beam-column 
element is a distributed plasticity model that captures inelastic behavior of a member at any 
location. Within the flexibility-based formulation, internal moment and axial force along the 
member are calculated by interpolating member end forces, strictly satisfying equilibrium. Given 
the internal forces, section deformations (i.e. curvature and axial strain) at each integration point 
are obtained through iterative procedure until the section level equilibrium is satisfied, taking into 
account hysteretic responses of materials in the fiber section. The obtained section deformations 
are then integrated to predict the deformations of the member at each end. The estimated responses 
at the section and element levels are sensitive to the number of integration points and the selected 
integration scheme which determines the location of integration points. For modeling of a RC 
member with flexural dominant behavior, 4 ~ 5 integration points are typically used in a single 
force-based element. Fig. 5.9 shows forces ( 𝑞 ) and deformations ( 𝑄 ) of an element and 
distributions of fiber sections along its length (𝐿).   
 
Figure 5.9 Forces and deformations of the RC member at the element and section levels.  
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Once the target displacement (command) for the column element is transferred from UI-
SimCor, the FEA program computes the section deformations and converts them into the material 
level demands (strains) imposed on individual concrete fibers. The highest compressive strain 
value is sent to the experimental data storage as command and the returned stress values are 
integrated at the section and element levels to be reported back to UI-SimCor. In the FEA program, 
Newton-Raphson iteration is performed in the process of finding the best approximate solution. 
The iteration procedure at the section and element levels is summarized as follows: 
(1) Calculate the element deformation increments ∆𝑞𝑘 from the given element deformations 
(𝑞𝑘), i.e. target displacements from UI-SimCor at the simulation step, 𝑘.   
 ∆𝑞
𝑘 = 𝑞𝑘 − 𝑞𝑘−1  (5.5) 
 
(2) Start the element state determination. Set the Newton-Raphson (N-R) iteration, 𝑗 = 1 and   
∆𝑞𝑗=1 = ∆𝑞𝑘. Calculate the element force increments (∆𝑄𝑗) and update the element forces (𝑄𝑗). 
 ∆𝑄
𝑗 = 𝐾𝑗−1 · ∆𝑞𝑗  (5.6) 
 𝑄𝑗 = 𝑄𝑗−1 + ∆𝑄𝑗 (5.7) 
 
(3) Calculate the section force increments (∆𝐷𝑗(𝑥)) and update the section forces (𝐷𝑗(𝑥)), 
using the force interpolation function (𝑏(𝑥)). 
 ∆𝐷
𝑗(𝑥) = 𝑏(𝑥) · ∆𝑄𝑗 (5.8) 
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 𝐷𝑗(𝑥) = 𝐷𝑗−1(𝑥) + ∆𝐷𝑗(𝑥) (5.9) 
 
(4) Calculate the section deformation increment (∆𝑑𝑗(𝑥)) and update the section deformations 
(𝑑𝑗(𝑥)). 𝑟𝑗−1(𝑥) indicates the residual section deformations in the previous N-R step.  
 ∆𝑑
𝑗(𝑥) = 𝑓𝑗−1(𝑥) · ∆𝐷𝑗(𝑥) + 𝑟𝑗−1(𝑥) (5.10) 
 𝑑𝑗(𝑥) = 𝑑𝑗−1(𝑥) + ∆𝑑𝑗(𝑥) (5.11) 
 
(5) Calculate the strain demand (ε𝑖
𝑗





 can be determined either by numerical models or experimental material responses. 𝑓𝑀𝐴𝑇 
and 𝑙𝑖
𝑇 indicate the constitutive relationship function of the materials and geometric vector which 




𝑇 · 𝑑𝑗(𝑥) (5.12) 
 σ𝑖
𝑗
 = 𝑓𝑀𝐴𝑇(ε𝑖) (5.13) 
 
(6) Calculate the section tangent stiffness (𝑘𝑗(𝑥)) and section tangent flexibility (𝑓𝑗(𝑥)) based 
on the obtained material modulus (𝐸𝑖
𝑗
) and area (𝐴𝑖) of individual fibers. 
 𝑘









 𝑓𝑗(𝑥) = [𝑘𝑗(𝑥)]−1 (5.15) 
 
(7) Calculate the section restoring forces (𝐷𝑅
𝑗(𝑥)) and section unbalanced forces (𝐷𝑈
𝑗
(𝑥)). 
Axial force (𝑁(𝑥)) and moment ((𝑀(𝑥)) at each section can be calculated using Equations (5.2) 





]  (5.16) 
 𝐷𝑈
𝑗




(8) Calculate the residual section deformations (𝑟𝑗(𝑥)). 
 𝑟




(9) Calculate the element tangent stiffness (𝐾𝑗) and element tangent flexibility (𝐹𝑗). 
 𝐹




 𝐾𝑗 = [𝐹𝑗]−1 (5.20) 
 
(10) Check for element convergence.  
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(a) If the element has reached convergence, set  𝑄𝑖 = 𝑄𝑗 and 𝐾𝑖 = 𝐾𝑗, and proceed to Step 
(1) to execute the next simulation step, 𝑘 + 1.  
(b) If the element has not reached convergence yet, calculate the residual element 
deformations (𝑠𝑗) by integrating the residual section deformations. Replace ∆𝑞𝑗 in Step (2) 
with ∆𝑞𝑗+1 and repeat the procedure from Step (2) until convergence is reached.   
 𝑠




 ∆𝑞𝑗+1 = −𝑠𝑗 (5.22) 
 
The notations used in the aforementioned procedure are summarized in Fig. 5.10 and the 
overall procedure is also visually presented in a flow chart in Fig. 5.11.  
 




Figure 5.11 Flow chart of element and section state determination based on the flexibility method.  
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To validate the capability of the FEA program to perform nonlinear analysis, a pushover 
analysis of a purely numerical RC column model was carried out, and its results were compared 
with analysis results obtained from OpenSees. The circular cantilever RC column had the fixed 
boundary condition at the base. The geometric configuration and fiber section are presented in Fig. 
5.12. Single force-based beam-column element with five Gauss-Lobatto integration points is used 
to simulate the flexural response of the column. For concrete fibers, the Kent-Park-Scott model 
(Kent and Park 1971; Scott et al. 1982) with a compressive strength of 28.1 MPa was used. 
Longitudinal steel fibers which had a diameter of 19.1 mm and a yield strength of 414 MPa were 
represented by the Giuffrè-Menegotto-Pinto model (Giuffrè and Pinto 1970; Menegotto and Pinto 
1973) with a straining hardening ratio of 0.01.  
 
 
(a) RC column element (b) Fiber section 
Figure 5.12 Numerical model of the circular RC column in the pushover analysis. 
In the MATLAB FEA program, the numerical analysis of the RC column subjected to the 
lateral displacement was performed. This analysis was also conducted in OpenSees for a RC 
column with the equivalent element formulation and material models. Fig. 5.13 shows the lateral 
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force-displacement responses of the RC column separately obtained from the MATLAB FEA 
program and OpenSees. In Fig. 5.13, both numerical simulation results are quite well matched in 
the global aspect. The two simulation results were also compared in terms of material responses 
reported in the concrete and steel fibers. Fig. 5.14 shows stress-strain responses of the concrete 
and steel in the fibers located on the east and west side of the first integration point (see Fig. 5.12), 
respectively. Both concrete and steel material responses from the MATLAB FEA program show 
a good agreement with the OpenSees results, proving the functionality of the FEA program.  
 
Figure 5.13 Lateral force-displacement response of the RC column model.  
  
(a) Concrete fiber (b) Steel fiber 
Figure 5.14 Stress-strain responses of the concrete and steel materials. 
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5.3.4 Preprocessing of Experimental Data 
The experimental data should well describe the material responses under desired conditions 
and capture the damage propagation until the material reaches its ultimate state. Before being used 
for the RC column model, the raw experimental data are preprocessed to form a key concrete 
material properties such as the envelope of the stress-strain curve and the unloading/reloading 
slopes observed under cyclic responses. The envelope curve defines a common behavior path for 
all concrete fibers, and the unloading/reloading slopes are used to determine the hysteretic 
behavior of each concrete fiber subjected to cyclic loading. For example, Fig. 5.15 shows the 
stress-strain curve of concrete under cyclic loading. The data located on the path O-A-C-D are 
used to build the envelope curve, and the data points on A-B and D-E are used to obtain the 
unloading slopes. If a concrete fiber experiences unloading between the points A and D, the 
unloading slopes recorded at the adjacent points (i.e. A and D) will be used to predict the unloading 
slope at the current point and the resulting stress. Once the concrete is unloaded, it is assumed to 
have reloading behavior returning back to the initial unloading point on the envelope curve (i.e. A 
and D) for simplicity. While the compressive behavior of concrete is characterized by those two 
key properties, the behavior in tension is ignored, considering the low tensile strength of concrete 
and its negligible impact on the overall structural response. 
 
Figure 5.15 Key properties of a new concrete constitutive relationship based on experimental data. 
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Fig. 5.16 and Fig. 5.17 describe a detailed algorithm of the strategy used to extract the two 
key properties from the raw experimental data. While individual stress-strain point on the cyclic 
response is being fed into the algorithm one by one as an input value, the stress-strain envelope 
curve and the unloading slopes are gradually updated according to the relation of the input point 
(𝜎𝑚, 𝜀𝑚) to previous data points. A pair of stress and strain values corresponding to the minimum 
strain point (𝜀𝑀𝐼𝑁) is added as a new point on the envelope curve and stored in an array. When 
establishing the unloading slope, the entire stress range of the experimental response is first divided 
into several sections (e.g. Section 1 throughout Section b) as shown in Fig. 5.17, and the unloading 
slopes obtained from the algorithm are averaged at each stress section. An array of average 
unloading slopes is generated for each unloading strain point ( 𝜀𝑈𝑁𝐿 ) and is continuously 
accumulated whenever a new unloading strain point is added. Once the two sets of material 
properties are extracted, they can be stored in the MATLAB FEA program to provide the 
experimental material responses as indicated in Fig. 5.11. 
This preprocessing algorithm was implemented for the actual stress-strain response of a 
SMA confined concrete cylinder obtained from the uniaxial cyclic loading test (Chen and 
Andrawes 2017a; Chen 2015). After extracting the envelope curve and the unloading slopes from 
the experimental data, these material properties were utilized to simulate stress response of the 
concrete subjected to the equivalent strain history experienced by the concrete cylinder. The 
simulated response of the SMA confined concrete is presented in Fig. 5.18, and the overall cyclic 









Figure 5.17 Estimation of unloading slopes from experimental stress-strain curve. 
 
Figure 5.18 Comparison of the experimental and simulated concrete responses. 
5.4 VALIDATION OF MTI SIMULATION 
The main focus of this study is to apply MTI simulation in the assessment of the seismic 
performance of RC bridge columns rehabilitated with SMA spirals. In this section, for the purpose 
of demonstrating the concept and feasibility of the new simulation approach, response of a RC 
column predicted from MTI simulation was compared with experimental result from previous RC 
bridge column tests.  
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For comparison, the RC cantilever column tested under quasi-static cyclic loading (Shin 
and Andrawes 2011a) was selected, and its configuration is illustrated in Fig. 5.19. The column 
specimen which had insufficient lateral reinforcement was retrofitted with SMA spirals at the 
plastic hinge zone. A numerical column model was created in the FEA program coded in 
MATLAB based on the geometry and the material properties of the tested column. The column 
model comprised of composite fiber sections with existing material models. The Kent-Park-Scott 
model (Kent and Park 1971; Scott et al. 1982) and the Giuffrè-Menegotto-Pinto model (Giuffrè 
and Pinto 1970; Menegotto and Pinto 1973) were applied for concrete and longitudinal steel 
reinforcement fibers, respectively, with experimentally obtained material properties (Shin and 
Andrawes 2011a) presented in Fig. 5.19. To include the concrete confinement effect provided by 
the SMA spirals, uniaxial stress-strain response of SMA confined concrete attained from previous 
concrete cylinder tests (Chen and Andrawes 2017a; Chen 2015) was used at the first section of the 
column model. The experimental response of one of the concrete cylinder specimens (SMA-
B2S2C) was selected, considering the strength of the unconfined concrete (𝑓𝑐𝑜
′ = 39.6 MPa) and 
the lateral confinement pressure (𝑓𝑙 = 1.23 MPa) of the SMA spirals close to those of the tested 
column specimen (see Fig. 5.19). The cyclic response of the confined concrete is shown in Fig. 
5.20. To simulate bond slip of the longitudinal steel bars occurred at the base of the column 
specimen, the material model of the steel bars at the first section was modified by using a bond 




Figure 5.19 Configuration of the tested RC column.  
 
Figure 5.20 Compressive behavior of the SMA confined concrete cylinder.  
Within the MTI simulation framework, the RC column model with the selected 
experimental material response was loaded under a constant axial force and lateral cyclic 
displacements. Fig. 5.21 compares lateral force-displacement responses of the RC columns from 
the experiment and the MTI simulation. In Fig. 5.21, the simulation result exhibits higher lateral 
force at drift ratios of around 3%, compared to that of the experimental response, in both positive 
and negative directions. However, the overall global response of the column specimen was well 
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captured by the MTI simulation, including the unloading/reloading slopes and the ultimate state of 
the response, despite the slight difference in 𝑓𝑐𝑜
′  between the concrete cylinder and the column 
specimen. Subjected to large lateral deformation up to 14% drift ratio during the simulation, the 
RC column failed due to fracture of the longitudinal steel bars occurred at a drift ratio beyond 
12%, and did not experience crushing of concrete confined with SMA spirals as was the case of 
the experimental observation. 
 
Figure 5.21 Lateral force-displacement responses of the RC columns.  
5.5 CONCLUSIONS 
In this chapter, the establishment of a new experimental-based numerical simulation 
framework named material testing integrated (MTI) simulation was addressed. Based on the 
concept of the conventional hybrid simulation, MTI simulation selectively adopts the material 
responses from physical specimens, and conducts the numerical simulation of the full-scale 
structure. To apply the concept of MTI simulation to seismic performance evaluation of flexural 
RC members, a new simulation framework was established and validated by comparison with 
previous RC column results. Major findings of this study are presented below:  
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 As the main simulation coordinator, UI-SimCor runs overall operations of simulation.  At 
each time step, UI-SimCor solves the equation of motion to calculate target displacement 
commands for each substructure. Corresponding force feedbacks are combined back in UI-
SimCor to predict the global response of the structure. 
 A new finite element analysis (FEA) program created in MATLAB performs non-linear 
analysis of the RC column model through iterative procedure given the target 
displacements. This program is capable of communicating with UI-SimCor through 
TCP/IP network and adopting experimental material models. 
 Raw stress-strain responses of concrete are preprocessed and converted into envelope curve 
and unloading stiffness to generate new experiment-based material models.  
 To validate the new concept and the developed framework, MTI simulation was performed 
for the SMA confined RC column which was previously tested under the quasi-static cyclic 
loading. Cyclic stress-strain response of a SMA confined concrete cylinder was 
incorporated into a fiber-based numerical column model. The new hybrid column model 







CHAPTER 6 APPLICATION OF MTI SIMULATION 
6.1 INTRODUCTION 
This chapter presents two applications of MTI simulation on 1) RC cantilever columns 
retrofitted with SMA spirals and 2) high strength concrete (HSC) column bridges confined with 
hybrid FRP-SMA jackets. In this study, MTI simulations were carried out in the non-real-time 
mode by using stress-strain curves from previous concrete cylinder tests. For both cases, a suite of 
MTI simulations was carried out in conjunction with incremental dynamic analyses (IDA) with an 
aim to investigate the seismic responses from elastic range to ultimate state under seismic loading 
of varying intensities. 
6.2 SEISMIC RESPONSE OF RC COLUMNS CONFINED WITH SMA AND STEEL 
SPIRALS 
6.2.1 Description of RC Bridge Columns  
RC cantilever columns which lack flexural ductility associated with insufficient concrete 
confinement are considered in this study. Fig. 6.1(a) shows the configuration of the RC bridge 
columns. The RC columns have diameter and height of 1.22 m and 4.88 m, respectively. Fixed 
boundary condition is assumed at the base. Twenty-four No. 10 (32.3 mm diameter) steel 
reinforcing bars are provided in the longitudinal direction of the column, corresponding to about 
1.68% reinforcement ratio with respect to the column’s circular cross section. Transverse 
reinforcement comprising No. 4 (12.7 mm) steel hoops is placed with a spacing of 305 mm, which 
was common practice for old RC columns designed before 1971 (AASHO 1969). The provided 






(a)              (b) (c) 
Figure 6.1 Numerical modeling of RC bridge columns: (a) cantilever RC column with external 
confinement, (b) RC column model and (c) composite fiber section. 
Based on preliminary analysis, it was decided to provide external confinement along length 
(𝐿𝑐) of 0.8 m from the base of the column (i.e. expected plastic hinge region), as illustrated in Fig. 
6.1(a), to compensate the seismic deficiency of the columns. Two different types of confinement 
are considered in this study: active and passive confinement provided by SMA and steel spirals, 
respectively. To capture realistic material responses in the confined region, test data of the previous 
experimental study (Chen and Andrawes 2017a; Chen 2015) were selected, in which uniaxial 
compression testing was performed for concrete cylinders confined with steel and SMA spirals. 
Two different levels of target confining pressure, denoted as L-1 and L-2, were considered in this 
study. The diameter and spacing of the SMA and steel wires used to provide the target confining 
pressures are displayed in Table 6.1. Fig. 6.2 presents the stress-strain relationships of SMA and 
steel confined concrete subjected to compressive cyclic loading. The unconfined concrete cylinder 
showed brittle failure mode just after reaching its compressive strength of 39.6 MPa (Chen and 
Andrawes 2017a; Chen 2015).    
171 
 
Table 6.1 Specifications of active (SMA) and passive (steel) confinement schemes adopted in the 
previous concrete cylinder tests (Chen and Andrawes 2017a; Chen 2015). 
 
SMA spiral Steel spiral 
L-1 L-2 L-1 L-2 
Wire diameter (mm) 2.0 2.0 2.7 2.7 
Wire spacing (mm) 19.1 12.7 19.1 12.7 
Wire stress (MPa) 607a 607a 359b 359b 
Confining pressure (MPa) 1.23 1.92 1.28 1.96 
aRecovery stress of NiTiNb alloy wire. 
bYield strength of steel wire. 
  
(a) (b) 
Figure 6.2 Compressive behaviors of concrete confined by (a) SMA and (b) steel spirals at 
confinement levels L-1 and L-2. 
To develop hybrid RC column models, the columns were first numerically modeled in the 
FEA program coded in MATLAB. The numerical column model was represented by single force-
based element with five Gauss-Legendre integration points as shown in Fig. 6.1(b). Fig. 6.1(c) 
illustrates composite fiber sections placed at each integration point (IP) along the height of the 
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column, in which stress-strain relationships of concrete and steel materials are defined for each 
individual fiber. The Kent-Park-Scott model (Kent and Park 1971; Scott et al. 1982) was used to 
represent the cover and core concrete material behaviors. The compressive strength of the 
unconfined (cover) concrete was about 39.6 MPa at a strain of 0.0026 mm/mm, and the tensile 
strength of concrete was neglected. Parameters defining the response of the core concrete confined 
by the internal steel hoops were determined based on the model of Mander et al. (1988a). For the 
longitudinal steel reinforcement, the Giuffrè-Menegotto-Pinto model (Giuffrè and Pinto 1970; 
Menegotto and Pinto 1973) was implemented with a yield strength of 414 MPa and 1% strain 
hardening ratio. To include the effect of the external confinement at the column base, the RC 
composite section at the first integration point (IP1) was substituted with the experimentally 
obtained material behaviors illustrated in Fig. 6.2. Since the confinement effect of the internal steel 
hoops was quite small compared to that of the external confinement, it was neglected at the first 
RC section (IP1). 
Four different hybrid column models denoted as SMA-L1, SMA-L2, Steel-L1 and Steel-
L2 (see Table 6.1 and Fig. 6.2) were analyzed in this study. An idealized lumped mass (942280 
kg) was attached at the top of each individual column to generate inertia force and gravity load 
(9244 kN) which corresponds to 20% of the column’s axial load capacity. The fundamental period 
of the RC columns was about 0.6 sec. During the simulations, the occurrence of the second-order 
overturning moment associated with the geometric nonlinearity of the columns (P-delta effect) 
was considered for these hybrid models. 
6.2.2 Ground Motion Records 
A suite of six ground motion records (see Table 6.2) obtained from the Pacific Earthquake 
Engineering Research (PEER) Center was used as input seismic excitations. The ground motions 
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were recorded from earthquakes with large magnitude (6.5 ~ 7) at stations with intermediate 
distance greater than 20 km from the fault. As presented in Table 6.2, the ground motion records 
exhibited various characteristics in terms of peak ground acceleration (PGA), predominant period 
and significant duration. 
Table 6.2 Characteristics of earthquake ground motion records. 







Castaic – Old 
Ridge Route 
0.321 0.15, 0.33 16.8 
Imperial Valley 
(1979) 
El Centro   
Array #13 





0.247 0.20, 0.47 10.5 
Northridge 1 
(1994) 
Hollywood –      
Willoughby Ave 
0.251 0.42, 0.87 12.6 
Northridge 2 
(1994) 
LA – Chalon Rd 0.183 0.60 6.8 
Northridge 3 
(1994) 
LA – Saturn St 0.468 0.15, 0.45 11.6 
*Duration belonging to 5 ~ 95% of Arias intensity. 
6.2.3 Incremental Dynamic Analysis 
The incremental dynamic analysis (IDA) concept proposed by Vamvatsikos and Cornell 
(2002) was used to evaluate the seismic responses of the RC columns retrofitted with different 
confinement schemes. To implement the IDA method in this study, a total of 280 MTI simulations 
were conducted by subjecting the RC column models to various ground motion records with 
174 
 
incrementally varying intensities until the failure of the columns was reached. Two limit states 
were used to indicate the failure of the RC columns: 1) crushing of core concrete and 2) rupture of 
longitudinal reinforcing bars. The first limit state indicates the development of plastic hinge in the 
columns due to severe loss of column’s cross section. The second limit state, fracture of reinforcing 
bars, was assumed to occur when any of the bars reach a tensile strain of 12% according to 
Caltrans’ SDC (Caltrans 2013). 
6.2.4 Simulation Results  
6.2.4.1 PGA and maximum drift ratio relationships 
IDA curves for the four RC columns were created in Fig. 6.3 to study the relationship 
between the maximum drift ratio (%) and the PGA (g) values of the selected ground motion 
records. The maximum drift ratio was defined as the ratio of the columns’ maximum lateral 
displacement at the tip of the column (center of mass) to the height of the column. The four RC 
columns exhibited different ultimate drift ratios at their failure, however the modes of failure of 
all columns were crushing of core concrete at the base. PGAs which caused the failure of the 
columns also varied depending on the characteristics of the applied ground motions, however the 
patterns of the results were similar for each ground motion.  
Among all four columns, SMA-L2 exhibited the highest PGA and ultimate drift ratio under 
all earthquake records. The PGAs which caused the failure of SMA-L2 dramatically changed from 
0.96g to 3.89g under the motions of Northridge 1 and Northridge 3 earthquakes, respectively, 
while the ultimate drift ratios of SMA-L2 at failure were relatively close ranging from 8.84% to 
9.88%. The impact of the SMA confinement on the response of SMA-L2 can be clearly revealed 
by the comparison with those of the other columns. First, on average the maximum PGA recorded 
for SMA-L2 under all 6 records was 95% higher than that of Steel-L2. When subjected to the 
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Northridge 2 ground motion, the SMA-L2 column was able to withstand 273% higher PGA than 
that of Steel-L2 column, showing the superior capability of SMA active confinement to resist high 
seismic demand to its passive confinement counterpart. Furthermore, the average ultimate drift 
ratio sustained by SMA-L2 was 81% higher compared to that of Steel-L2.  
The results of SMA-L1 and Steel-L1 prove that the SMA confinement had better 
performance than the steel confinement at lower confinement level (L-1). Compared to Steel-L1, 
SMA-L1 showed on average higher values in terms of both the PGA at failure and the ultimate 











(a) San Fernando (b) Imperial Valley 
 
(c) Loma Prieta (d) Northridge 1 
 
(e) Northridge 2 (f) Northridge 3 




6.2.4.2 Dynamic pushover curves 
The IDA results were used to generate dynamic pushover curves for the RC columns. For 
each intensity level of the ground motions, the maximum drift ratio and the corresponding base 
shear of the columns obtained after each simulation were used to plot the dynamic pushover curves. 
By exploring the seismic responses of the RC columns, taking into account the dynamic loading 
effect, the seismic capacity of the columns under specific earthquake ground motions can be 
predicted. Fig. 6.4 shows the dynamic pushover curves of the four RC columns under the selected 
ground motion records. In Fig. 6.4, each set of dynamic pushover curves under the different ground 
motion records shows minor changes in the ultimate drift and base shear, but the overall shape and 
pattern of the curves are quite analogous. For all considered ground motions, the four columns 
exhibited similar responses in the elastic range and started to yield at a drift ratio of about 1%, 
recording the maximum base shear which showed insignificant variations less than 5%. As the 
drift ratios of the columns increased, softening behaviors of the columns affected by the P-delta 
effect were observed, and the columns showed variations in the descending slope of post-peak 
behavior and the ultimate drift ratio in which the crushing of core concrete was reported.  
While Steel-L1 showed the steepest slope with an average ultimate drift ratio of 3.70%, 
SMA-L2 experienced the most gradual softening behavior until it failed at an average ultimate 
drift ratio of 9.42%. From conventional earthquake engineering standpoint, SMA-L2 can be 
assumed to have already reached its failure at such high drift ratio (greater than 9%) due to the 
corresponding low base shear, nevertheless this highly ductile behavior of SMA-L2 clearly show 
the capability of the SMA confinement to significantly delay the crushing of concrete. Compared 
to Steel-L2, SMA-L1 showed slightly higher deformation capacity with an ultimate drift ratio of 
6.06% on average and lower base shear in the post-peak behavior. Considering the characteristics 
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of the concrete behaviors presented in Fig. 6.2, it is evident the material behavior in the confined 















(a) San Fernando (b) Imperial Valley 
 
(c) Loma Prieta (d) Northridge 1 
 
(e) Northridge 2 (f) Northridge 3 
Figure 6.4 Dynamic pushover curves of the RC columns. 
180 
 
6.2.4.3 Comparison of full numerical and MTI simulation results 
The main advantage of MTI simulation adopted in this study is that it can effectively take 
advantage of material behaviors acquired from experimental tests which may not be easily 
captured by numerical material models in the evaluation of structural performance. To verify its 
effectiveness, the seismic responses of the SMA confined RC columns evaluated from the MTI 
simulations are compared with the numerical simulation results which purely relied on existing 
material numerical models.  
The OpenSees uniaxial material model, named ConcreteSMA (Chen and Andrawes 2014b; 
Chen 2015) was selected for this comparison. Numerical models of concrete subjected to active 
confinement L-1 and L-2 were developed using ConcreteSMA (see Table 6.1). In Fig. 6.5, the 
numerical and experimental responses of the actively confined concrete under the compressive 
cyclic loading are compared for L-1 and L-2 confinement levels. While the compressive strength 
and post-peak behavior of the experimental results were well predicted by the numerical models 
for both confinement levels, the ultimate strains was overestimated and underestimated by the 
numerical models roughly by 21% and 10% for the confinement levels L-1 and L-2, respectively. 
These two numerical material models were applied to the RC column model shown in Fig. 6.1(b) 
in the fiber section at IP1 while the rest of the column model used the same numerical material 





Figure 6.5 Numerical and experimental material behaviors of actively confined concrete. 
IDA was performed for the two numerical RC column models subjected to the selected 
ground motion records in Table 6.2. The failure modes of the RC columns predicted by the 
numerical models were the crushing of core concrete for all earthquake cases regardless of the 
level of confinement. Fig. 6.6 and Fig. 6.7 show dynamic pushover curves generated from the 
numerical simulations for L-1 and L-2 confinement levels, respectively, and compare them with 
those from the MTI simulations. In Fig. 6.6, under L-1 confinement, the responses observed before 
the peak base shear from the MTI and numerical simulations were quite similar. However, the 
numerical simulation results exhibited higher base shear in the descending branch and higher 
ultimate drift ratio for all considered earthquakes. The average ultimate drift ratio predicted by the 
numerical simulation was approximately 24% greater than that of the MTI simulation. On the other 
hand, the dynamic pushover curves generated from the numerical and MTI simulations are quite 
similar in all ranges of the responses in Fig. 6.7, and the difference in the average drift ratios is 






(a) San Fernando (b) Imperial Valley 
 
(c) Loma Prieta (d) Northridge 1 
 
(e) Northridge 2 (f) Northridge 3 




(a) San Fernando (b) Imperial Valley 
 
(c) Loma Prieta (d) Northridge 1 
 
(e) Northridge 2 (f) Northridge 3 
Figure 6.7 Dynamic pushover curves of the RC columns with L-2 SMA confinement. 
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The large gap between the MTI and numerical simulation results in the lower confinement 
(L-1) case was primarily attributed to the different material behaviors applied in the two simulation 
approaches. As previously described in Fig. 6.5(a), the ultimate strain of the ConcreteSMA 
material model of the L-1 confinement was 21% higher than that of the experimental data. 
Furthermore, the numerical model maintained higher stress level in the entire strain range. It is 
expected that these differences contributed to the greater deformation capacity of the numerical 
column model with the L-1 confinement. Conversely, in the case of the L-2 confinement, despite 
the lower ultimate strain of the ConcreteSMA model by 10% in Fig. 6.5(b), compared to the 
experimental data, its effect was cancelled out by the partially higher concrete stress, and 
comparable results were observed from the numerical and MTI simulations. It is worth noting that 
the ConcreteSMA model was based on compressive test results of actively confined concrete under 
pressure ranging between 1.23 and 3.92 MPa. Considering that the target pressure of L-1 SMA 
confinement (see Table 6.1) corresponded to the lower bound of this pressure range, the simulation 
results indicate that the accuracy of the numerical model might be reduced near the boundaries of 
this specified range, which highlights the need for more reliable material data in analyzing 
confinement levels outside the applicability range of ConcreteSMA model. Hence, the advantage 






6.3 SEISMIC RESPONSE OF RC BRIDGE SYSTEM WITH HIGH STRENGTH 
CONCRETE COLUMNS 
High strength concrete (HSC) which exhibits superb strength and high elastic modulus 
have aroused keen interests in its application in bridge columns. Due to its intrinsic brittle nature, 
however, the structural behavior of HSC columns is characterized by the lack of ductility which 
can directly impact the structural integrity of the bridge system under the threats of strong 
earthquakes. As a way to increase the flexural ductility of the HSC columns, Deogekar and 
Andrawes (2018) proposed a hybrid confinement scheme for HSC using FRPs and SMAs, and 
conducted uniaxial compression tests of HSC cylinders confined with FRP-SMA jackets. The HSC 
cylinders showed increased strength and ductility when confined with the new hybrid jackets, 
however the performance of this unconventional material at the system level still need to be 
investigated. In this study, MTI simulation was implemented in studying the seismic response of 
a full-scale bridge supported by HSC columns, using the experimental behavior of the HSC 
cylinders obtained by Deogekar and Andrawes (2018). 
6.3.1 Description of RC Bridge System 
6.3.1.1 Hypothetical bridge system with high strength concrete (HSC) columns 
Fig. 6.8 presents a single bent, three span RC bridge system hypothetically developed in 
this study. The bridge has a total length of about 61 m in the longitudinal direction, and standard 
AASHTO box girder section with a width of 13.5 m and a depth of 1.8 m is used as the 
superstructure of the bridge. The cross section of the box girder is shown in Fig. 6.9. Two single 
bent columns supporting the superstructure have a diameter of about 1.1 m and aspect ratios of 6 
and 7, respectively, from the column base to the face of superstructure. Both columns are 
constructed with HSC with the compressive strength of 64 MPa, and reinforced with eighteen No. 
10 (32.3 mm diameter) steel bars in the longitudinal direction, which have a total area 
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corresponding to 1.7% of the cross sectional area of the column. For transverse reinforcement, No. 
4 (12.7 mm diameter) internal steel hoops are placed at every 305 mm along the column height, 
which satisfies the minimum shear reinforcement area specified in SDC (Caltrans 2013), leading 
to a volumetric ratio of 0.17%. To enhance the flexural ductility capacity of the columns, external 
confinement is provided at the top and bottom of the columns where most of the flexural 
deformations is expected to occur (i.e. plastic hinge zones) with a confinement length (𝐿𝑐) equal 
to the column diameter. The passive and hybrid confinement schemes using FRP wraps and SMA 
spirals (see Table 6.3) are adopted as external confinement for the HSC columns. At each end of 
the superstructure, the bridge is also supported by seat type abutments with width and height of 
6.3 m and 2 m, respectively. Sacrificial external shear keys located at the abutments restrain the 
motions of the superstructure in the lateral direction. Between the superstructure and the 
abutments, 76.2 mm and 25.4 mm gaps exist in the longitudinal and lateral directions, respectively. 
 
Figure 6.8 Layout of hypothetical bridge system supported by HSC columns. 
 
Figure 6.9 Cross sections of the box girder. 
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6.3.1.2 Behavior of HSC confined with FRP sheets and SMA spirals. 
The hybrid confinement method proposed by Deogekar and Andrawes (2018) utilized a 
combination of passive and active confinement methods using GFRP sheets and NiTiNb SMA 
spirals, respectively. The procedure for implementing this new technique is illustrated in Fig. 6.10. 
Deogekar and Andrawes (2018) carried out an experimental study investigating the cyclic 
compressive behavior of HSC cylinders when they were confined with the new FRP-SMA hybrid 
jackets or with the traditional FRP jackets which provide passive confinement only. Test results 
of four HSC cylinders confined with the FRP or FRP-SMA jackets at two different levels of lateral 
pressure were selected to provide behaviors of concrete in the confined regions of HSC bridge 
columns. Table 6.3 summarizes the confinement properties of the selected specimens, and Fig. 
6.11 presents the corresponding stress-strain responses under cyclic compressive loading. 
 




















Passive-1 64 2.07 - 2.07 
Passive-2 64 4.14 - 4.14 
Hybrid-1 64 2.07 0.69 2.76 
Hybrid-2 64 2.07 1.38 3.45 
abased on 0.004 mm/mm tensile strain in FRP jacket. 
 
Figure 6.11 Envelope curve of confined concrete specimens. 
6.3.1.3 Three-dimensional modeling of bridge system  
To investigate the responses of the RC bridge with the HSC columns subjected to 
bidirectional earthquake loading, a 3-D analytical model of the bridge is developed. The entire 
bridge model is substructured and separately modeled in different analysis platforms such that the 
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superstructure including the abutments and shear keys are modeled in OpenSees, and the HSC 
columns are modeled in the MATLAB FEA program. Fig. 6.12 presents schematic of the bridge 
model. The fundamental periods of the bridge model are about 0.6 sec and 1.2 sec in the 
longitudinal and lateral directions, respectively. 
 
Figure 6.12 Schematic of 3D modeling of bridge system. 
The superstructure of the bridge shown in Fig. 6.9 is expected to exhibit elastic responses, 
and hence represented by using ‘Elastic Beam-Column’ elements with the corresponding 
geometric properties including cross sectional area and moment of inertia for the 3-D model. The 
self-weight of the superstructure which includes weight of the wearing surface and parapets was 
calculated as 173 kN/m and converted to equivalent nodal masses uniformly distributed along the 
span of the bridge to induce gravity loading and inertia forces. For embedded portions from the 
top of the bridge columns to the center of mass in the superstructure, the elastic elements with high 
flexural rigidity are used. 
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At each end of the superstructure, interactions with the abutments in the longitudinal and 
lateral directions are characterized by several ‘Zero-length’ elements with nonlinear material 
responses. Assuming that backfill soil in abutments show hyperbolic force-displacement 
relationship in the longitudinal direction, the nonlinear response of the abutment along with the 
76.2 mm gap is captured by using uniaxial ‘Hyperbolic Gap’ material assigned to a zero-length 
element in OpenSees. Initial stiffness and ultimate longitudinal force capacity of the abutment are 
calculated according to SDC (Caltrans 2013) considering the type of backfill soil and the abutment 
dimension.  
For numerical modeling of the external shear key, force capacity of the shear key is 
determined as 50% of the dead load reaction at the abutment (Caltrans 2013) to avoid transferring 
excessively large force to the abutments. The force-displacement relationships of the shear key 
observed in the previous experimental studies (Megally et al. 2001) are simplified as trilinear 
backbone curve, and then the overall response is scaled according to the calculated force capacity. 
For the trilinear shear key response, uniaxial ‘Hysteretic’ material is assigned to a zero-length 
element and connected in series to a zero-length element with ‘Elastic-Perfectly Plastic Gap’ 
material which represents the 25.4 mm gap in the lateral direction. Fig. 6.13 shows the force-






Figure 6.13 Force-displacement responses used in modeling of (a) abutment and (b) shear key. 
The bridge columns which are expected to show flexural dominant responses due to the 
relatively slender geometry are represented with fiber-based beam-column elements in the 
MATLAB FEA program. Fig. 6.14 depicts the configuration of the bridge column model. For both 
columns (i.e. Column 1 and Column 2), fixed boundary condition and monolithic connection to 
the superstructure were assumed at the base and top, respectively. 
To capture the spread of inelasticity along the column and the effect of external 
confinement provided at the top and bottom, each bridge column model is comprised of three 
flexibility-based elements with Gauss-Lobatto integration points in which unique uniaxial material 
responses of concrete and steel bars are assigned to individual fibers of the composite RC sections. 
The numbers of integration points placed in each element, from Element 1 through 3, are 2, 3 and 
2, respectively. In Element 2 which indicates the unconfined region of the HSC column, fiber 
sections are created relying purely on existing numerical material models. The Popovics model 
(Popovics 1973) along with the concrete confinement model developed by Mander et al. (1988a) 
is used to represent the cover and core concrete fibers of the HSC which has the compressive 
strength of about 64 MPa at a strain of 0.0026 mm/mm when unconfined. The longitudinal steel 
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bar fibers are provided with the Giuffrè-Menegotto-Pinto model (Giuffrè and Pinto 1970; 
Menegotto and Pinto 1973) which has a yield strength of 414 MPa with strain hardening ratio of 
1%. In the case of the externally confined regions represented by Elements 1 and 3, the numerical 
model of the concrete fibers is replaced by the realistic material responses obtained from the 
compression tests of HSC cylinders confined with FRP wraps and SMA spirals (see Table 6.3 and 
Fig. 6.11)  while the material model of the steel rebar fibers remains unchanged. The confinement 
effect induced by the internal steel hoops on the behavior of the externally confined concrete would 
be negligible, and therefore it is ignored at the sections in Elements 1 and 3. Four bridge models 
implementing the different column confinement schemes are named as Passive-1, Passive-2, 




(a) (b) (c) 
Figure 6.14 Modeling of RC bridge columns: (a) RC column with external confinement applied at 
the plastic hinge zones, (b) flexibility-based Beam-Column elements of RC column and (c) fiber 
sections with uniaxial material properties. 
6.3.2 Simulation Procedure 
With an aim to monitor the seismic responses and the damage status of the RC bridges 
equipped with the four different confinements, this study implemented the incremental dynamic 
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analysis (IDA) method (Vamvatsikos and Cornell 2002) along with MTI simulation. The bridge 
models were excited under a set of earthquake ground accelerations applied in two horizontal 
directions at low to high intensity levels until the failure of the bridges was reported. Three limit 
states were used to define the failure of the bridge during the simulation: 1) crushing of concrete 
in the confined region, 2) fracture of longitudinal steel bars and 3) failure of the abutments. The 
first limit state indicates the onset of the plastic hinge formation after which the columns’ 
capability to sustain flexural deformations reduce significantly. Second, the steel bars were 
assumed to rupture and no longer able to carry tensile stress when elongated beyond a strain of 
12% as recommended in SDC (Caltrans 2013). The third limit state occurs when the ultimate force 
capacity of the backfill soil is reached due to excessive deformation in any of the abutments 
(Caltrans 2013).  
Two horizontal components of previous earthquake records provided by the Pacific 
Earthquake Engineering Research Center (PEER) Ground Motion Database were used as 
bidirectional seismic loading input. In the process of selecting the ground motions, magnitude of 
the earthquakes (6.5 ~ 7) and horizontal distance from fault plane to recording station (greater than 
20 km) were taken into account. During simulations, both acceleration components were scaled 
using equivalent scaling factors and applied in the longitudinal and lateral directions of the bridge, 
respectively. The properties of the selected ground motions such as peak ground acceleration 






Table 6.4 Characteristics of earthquake ground motion records. 









   [0.251, 0.136]b    [0.87, 0.15]b    [12.6, 15.5]b 
Loma Prieta 
(1989) 
Hollister -   
South & Pine 





   [0.151, 0.114]    [0.70, 0.67]    [15.7, 18.4] 
Coalinga      
(1979) 
Parkfield -   
Fault Zone 1 
   [0.143, 0.111]    [0.65, 0.46]    [19.6, 30.8] 
Irpinia          
(1989) 
Calitri    [0.136, 0.126]    [0.40, 0.59]    [18.9, 21.1] 
Superstition Hills 
(1994) 
El Centro Imp. 
Co. Cent 
   [0.357, 0.259]    [0.19, 0.47]    [23.9, 28.9] 
aDuration belonging to 5 ~ 95% of Arias intensity. 
b[Longitudinal, Lateral]. 
6.3.3 Simulation Results 
While the MTI simulations were being carried out, the bridge systems were subjected to 
bidirectional seismic loading with varying intensities, and the seismic behavior of the bridges 
throughout all ranges from elastic region to the ultimate state were observed. 
6.3.3.1 Damage pattern of the bridge 
The bridge showed different damage patterns and failure modes under the different 
earthquake records as the external confinement applied to the HSC columns changed. The failure 
modes reported from the bridges were either the crushing of concrete or the abutment failure. Table 
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6.5 shows the type of failure, and the column number (i.e. Column 1 and/or 2) or the abutment 
location (i.e. left or right) where the failure was observed. In the case of the bridges provided solely 
with FRP confinement, Passive-1 and Passive-2, failure occurred due to the crushing of concrete 
in the confined regions for considered all earthquakes. As expected, Column 1 suffered more 
severe concrete damages in Table 6.5 because of its relatively shorter aspect ratio, compared to 
Column 2. When the SMA spirals were used in addition to the FRP confinement, denoted as 
Hybrid-1 and Hybrid-2, the bridges started to experience abutment failure before the crushing of 
concrete was observed in the columns. Especially, when the bridge was equipped with Hybrid-2 
confinement in the columns, the failure occurred only in the abutments under all earthquake 
records except for Superstition Hills. The transition of the vulnerable component of the bridge 
system from the column to the abutment was mainly attributed to the excellent confinement 
capability of the SMA spirals which significantly enhanced the compressive behavior of the HSC 
concrete (see Fig. 6.11).  
The damage pattern of the bridge shown in Table 6.5 can be divided into two main groups, 
G-1 and G-2. In G-1, the failure modes of the bridges with the passive and hybrid confinements 
were strictly distinguished such that only the bridges with the passive confinement experienced 
the concrete crushing in the columns. However, the earthquakes in G-2 such as Irpinia and 
Superstition Hills caused the flexural failure of the columns even when the columns were confined 
with the SMA-FRP hybrid material. Those earthquakes in G-2 generated relatively higher 
excitations in the lateral direction of the bridge, and thus the damage sustained by the abutments 
in the longitudinal direction was less significant while the columns were experiencing high lateral 




Table 6.5 Failure modes of bridges with different confinement schemes and associated damage 
status. 
Earthquake 
Passive-1 Passive-2 Hybrid-1 Hybrid-2 
Damage 
group 
CCa AFb CC AF CC AF CC AF 
Northridge 1 - 1 - - L - L 
G-1 
Loma Prieta 1 - 1 - - R - R 
San Fernando 1 - 1 - - R - R 
Coalinga 1 - 1 - - R - R 
Irpinia 1, 2 - 1 - 1 - - R 
G-2 
Superstition Hills 1 - 1, 2 - 2 - 2 R 
aConcrete crushing (CC) 
bAbutment failure (AF) 
6.3.3.2 Maximum PGAs at the failure of the bridge 
In Fig. 6.15, the maximum PGA (g) values of the bidirectional ground motions which 
resulted in the failure of the bridges are compared for the different confinement schemes. In the 
longitudinal direction in Fig. 6.15(a), when the bridge was provided with the hybrid confinements 
(i.e. Hybrid-1 and Hybrid-2), the PGAs of the earthquakes at bridges’ failure ranged from 0.58g 
to 1.07 g, and were fairly higher than with the passive confinement counterparts. Under all 
considered earthquakes, Hybrid-1 exhibited 139% and 63% higher maximum PGA on average, 
compared to the cases of Passive-1 and Passive-2, respectively, in the longitudinal direction. 
Subjected to the earthquake ground motions belonging to G-1, the bridges recorded the same PGA 
values for both cases of Hybrid-1 and Hybrid-2 because the failures of the bridges were governed 
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by the abutment damage in G-1 before the concrete crushed. In G-2, the average PGA obtained 
from the Hybrid-2 case is about 26% higher than that from the Hybrid-1 case, indicating the 
contribution of the increased active confinement pressure by about 0.69 MPa. Similar patterns can 
be found from the maximum PGAs of the earthquakes in the lateral direction in Fig. 6.15(b) as the 
equivalent scaling factors were used for both directions. The average PGAs recorded from the 
bridges with each confinement case from Passive-1 to Hybrid-2 are 0.24g, 0.34g, 0.56g and 0.61g, 
respectively. Fig. 6.15 clearly shows that the added the active confinement pressure as low as 0.69 
MPa was quite effective in improving the ability of the bridge with HSC columns to resist the 





Figure 6.15 Maximum PGAs at failure of bridges subjected to bidirectional seismic excitations: 
(a) longitudinal and (b) lateral directions. 
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6.3.3.3 Dynamic pushover curves 
Based on the simulation results utilizing the IDA approach, dynamic pushover curves 
which show the relationships between the maximum drift ratio and the corresponding base moment 
of the columns at various intensity levels of the ground motions were generated. Here in, the 
dynamic pushover curves of Column 1 which sustained the more concrete damages are presented 
in Fig. 6.16 and Fig. 6.17 in the longitudinal and lateral directions, respectively. The maximum 
drift ratio indicated the ratio between the columns’ maximum lateral displacement at the center of 
mass and the height of the columns from the base to the center of mass. The corresponding ductility 
ratio of the column was also displayed by dividing the drift ratios by the one at yield points 
estimated in each direction. Column 1 was assumed to have effective yield points at drift ratios of 
about 0.38% and 0.9% in the longitudinal and lateral directions, respectively, after the rebar first 
yielded. 
In Fig. 6.16, Column 1 strengthened with the four confinement schemes initially exhibited 
similar responses in the elastic range, but had different ultimate drift ratios at its failure as the 
intensity of the ground motions increased. In general, the hybrid confinements showed better 
performance in increasing the ultimate drift ratio of the column over the passive confinements. On 
average, the ultimate drift ratio of the column with the Hybrid-1 confinements was 3.52% leading 
to a ductility ratio of 9.26 in the longitudinal direction under all earthquake records in Fig. 6.16. 
This ductility ratio was about 155% and 73% greater than those of Passive-1 and Passi-2 cases, 
respectively. Note that the cases, Hybrid-1 and Hybrid-2, had the equivalent ductility ratios under 
the earthquakes in G-1 at the failure of the abutment without experiencing the crushing of concrete 
(see Table 6.5). The average ductility ratio of Hybrid-2 considered in G-2 only reached 9.97, about 
31% higher compared to that of Hybrid-1. The ultimate strain of Hybrid-2 is larger than that of 
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Hybrid-1 only by 5.6%, however, it is expected that the higher stress level maintained throughout 
all strain range (see Fig. 6.11) substantially contributed to increasing the deformation capacity of 
the column.  
In the lateral direction, in Fig. 6.17, Column 1 equipped with the different confinements 
showed comparable responses at the initial stage of the curves, and started to experience the break-
off of the shear keys at drift ratios of around 1%. In the damage group of G-1, because of the 
excitation components more dominant in the longitudinal direction, the drift ratios of the column 
in the lateral direction were less than 4% for all confinement cases. However, the average ultimate 
drift ratio achieved by the hybrid confinement case is still higher than those of Passive-1 and 
Passive-2 by 168% and 82%, respectively. Under the earthquake records in G-2, stronger in the 
lateral direction, Hybrid-2 recorded the highest drift ratio and the corresponding ductility ratio, 
6.02% and 6.69, on average, which were 165%, 112% and 30% higher than those of Passive-1, 
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In this chapter, the framework of MTI simulation explained in the previous chapter was 
applied in assessing the seismic responses of two RC structures strengthened with unconventional 
materials. MTI simulation was first carried out for cantilever bridge columns retrofitted with SMA 
and steel spirals. The following are the important findings of the first study: 
 Active confinement using SMA spirals showed greater effect than its passive confinement 
counterpart in improving the seismic behavior of retrofitted RC columns. The average 
maximum PGA of the SMA retrofitted RC columns was 52% and 88% higher than that of 
the columns with steel confinement at L-1 and L-2 confinement levels, respectively. 
 Compared to the steel confined columns, RC columns retrofitted with SMA spirals 
demonstrated substantially enhanced deformation capability by reaching 63% and 81% 
higher ultimate drift ratio on average at L-1 and L-2 confinement levels, respectively. 
 Comparison between MTI and full numerical simulations showed an average difference as 
high as 24% in the ultimate drift ratio of the SMA-L1 column. This large difference was 
mainly caused by the discrepant material response of the numerical model compared to the 
more realistic experimental data used in the MTI simulation. 
Second, the findings obtained through the MTI simulation of the bridge system with HSC 
columns are summarized below: 
 While the bridges with the passive confinement failed due to the crushing of concrete in 
the columns under all considered earthquakes, the vulnerable component of the bridge 
changed to the abutments when the hybrid confinement scheme was applied.   
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 The maximum PGAs resisted by the Hybrid-1 confinement in the longitudinal direction 
were 139% and 63% higher, on average, than those resisted by Passive-1 and Passive-2, 
respectively. Under the earthquakes in G-2, which had stronger lateral components, 
Hybrid-2 recorded 26% higher PGAs, compared to Hybrid-1, in the longitudinal direction.  
 Compared to Passive-1 and Passive-2, Hybrid-1 bridge column exhibited greatly increased 
deformation capacity, recording 155% and 73% higher ultimate drift ratios in the 
longitudinal direction on average, respectively. The ultimate drift ratio of Hybrid-1 
reported in the longitudinal direction under the G-2 earthquakes increased by 33% when 
Hybrid-2 was applied.    
 Under the earthquakes with longitudinally dominant components (i.e. G-1 earthquakes), 
adding active confinement as low as 0.69 MPa sufficiently improved the seismic 
performance of the GFRP confined HSC columns. This improvement was greater than that 
of the passive confinement applied at higher pressure level. The simulation results under 
the G-2 earthquakes indicated that the seismic capacity of the bridge column in the lateral 






CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
7.1 SUMMARY AND CONCLUSIONS 
Active confinement technique using thermally prestressed SMA spirals have shown great 
potential in strengthening and restoring the seismic capacity of vulnerable RC bridge columns. 
However, for this unique technique and material to be widely accepted as a new seismic 
retrofit/repair method and broaden its application in the field of civil engineering, more 
comprehensive and in-depth understanding of SMAs’ material behavior under varying situations 
and their influences at system level needs to be acquired. To this end, this research focused on 1) 
investigating realistic dynamic response of SMA retrofitted/repaired RC columns through a series 
of shake table tests; 2) understanding the impact of implementing the new SMA retrofit technique 
on the global seismic behavior of bridge systems including various bridge components (e.g. 
abutments, expansion joints, etc.); 3) establishing a new experimental-numerical simulation 
framework, named material testing integrated (MTI) simulation and utilizing it to explore the 
seismic performance of SMA retrofitted RC columns. The following tasks were carried out in this 
research to accomplish those objectives.  
First, a series of bidirectional shake table tests was conducted on two 1/6-scale RC bridge 
columns with insufficient transverse reinforcement. One of the columns (COL-1) was retrofitted 
with SMA spirals at the plastic hinge zone, and the other column (COL-2) remained in the as-built 
condition. While COL-2 experienced severe spalling of concrete near the column base with the 
residual drift ratio of 0.89% under the seismic excitations of low to intermediate intensity levels, 
no sign of major damage or residual deformation was observed from COL-1 due to SMA’s active 
confinement. The SMA repair technique for COL-2, completed within 2.5 hours, effectively 
restored the seismic capacity of the column, and prevented further concrete damage under strong 
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sequential seismic loading. Subjected to intense seismic excitations increased up to 200% of the 
design earthquake, COL-1 exhibited highly ductile responses with maximum drift ratio of 10.5%, 
and collapsed due to the rupture of the longitudinal reinforcing bars caused by severe low-cycle 
fatigue. The SMA spirals in COL-1 succeeded in providing stable active confinement with only 
10% pressure loss, and the confined concrete was well protected even after the collapsing of the 
column.  
Second, to investigate the influence of SMA retrofitting on the seismic response of the 
bridge system, a numerical study was carried out for a full-scale RC bridge system subjected to 
strong main shock-aftershock sequences. An analytical model of a four-frame bridge equipped 
with expansion joints and abutments was developed, assuming that each frame was supported by 
two seismically vulnerable RC columns associated with inadequate concrete confinement. Within 
the analysis framework comprised of two main steps, the bridges in the as-built and retrofitted 
conditions were subjected to strong main shock or main shock-aftershock ground motions of ten 
different earthquakes. The analysis results indicated that the as-built bridge suffered severe 
concrete crushing in the columns subjected to the main shock ground motions. Depending on its 
location, the concrete damage pattern was categorized into four different groups from G-1 to G-4, 
presumably affected by the predominant periods of the applied ground motions. The concrete 
crushing was effectively avoided in the SMA retrofitted bridges even at L-1 confinement level 
(1.03 MPa). After the application of L-1 confinement, the low cycle fatigue damage of steel rebars 
accumulated under main shock significantly reduced by up to 30.9%. While the aftershock 
excitations increased fatigue damage in the rebars by up to 190.5%, no significant further damages 
occurred in the columns and abutments. As the level of SMA confinement increased from L-1 to 
L-4, it directly affected the damage state of concrete, considerably dropping the median concrete 
206 
 
strength reduction from 27.6% to 13.9%. However, its impact on the maximum abutment 
displacements or residual openings in expansion joints were small as long as the crushing of 
concrete was prevented.  
Third, as a cost efficient means of performance evaluation, a new experimental-numerical 
simulation approach, referred to as material testing integrated (MTI) simulation, was proposed. 
Knowing that the overall response of a structural system can be substantially influenced by highly 
non-linear behavior or local damages initiated at the material level, this new approach aimed to 
directly adopt realistic material behaviors, drawn from physical testing of small-scale material 
specimens, into the conventional numerical simulation of a full structure. To implement the 
concept of MTI simulation in studying the seismic response of RC columns confined with SMA 
spirals, a new simulation framework consisted of three elements was established: 1) UI-SimCor 
selected as the main simulation platform that carries out the time integration needed to solve the 
equation of motion, and combines pieces of information from all substructured components; 2) 
The finite element analysis (FEA) program coded in MATLAB, which performs non-linear 
analysis of the RC column model constructed on the basis of the flexibility-based element 
formulation and numerical/experimental material models; 3) Experimentally obtained cyclic 
stress-strain responses of confined concrete cylinders, which form new experimental material 
models comprised of envelope curve and unloading stiffness after being preprocessed. MTI 
simulation was carried out for an SMA retrofitted RC bridge column subjected to quasi-static 
cyclic loading, and its results agreed well with the experimental column test result.   
Fourth, on the basis of the developed framework, MTI simulation was implemented to 
evaluate seismic performance of 1) RC cantilever columns retrofitted with SMA or steel spirals 
and 2) high strength concrete (HSC) column bridges confined with FRP wraps and/or SMA spirals. 
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For the first MTI simulation application, a numerical RC column model with distributed fiber 
sections was created, and experimental stress-strain curves of concrete cylinders confined with 
SMA or steel spirals were implemented in the first fiber section. Subjected to various earthquake 
ground motions, the SMA retrofitted RC column exhibited up to 88% and 81% higher performance 
in terms of the PGA and drift ratio at the ultimate state on average, respectively, compared to the 
steel confined RC column. Comparison with the full numerical simulation also indicated that the 
direct use of experimental data enabled MTI simulation to capture realistic material behavior and 
its impact on the global response which were not able to be achieved by numerical concrete model. 
In the second application, the impact of the hybrid confinement scheme on the global response of 
the HSC column bridge under bidirectional seismic loading was studied. The simulation results 
revealed that the hybrid FRP-SMA jacket efficiently prevented the crushing of HSC in the columns 
through providing low active confinement pressure (0.69 MPa). The application of Hybrid-1 
confinement resulted in 63% greater PGA and 73% greater drift ratio in the longitudinal direction 
at bridge’s failure in comparison to Passive-2 confinement which induced higher total confinement 
pressure. Hybrid-2 confinement is expected to provide the bridge with extra seismic capacity when 
the bridge is subjected to an earthquake with stronger lateral component.  
7.2 FUTURE WORK 
Additional research work that can complement the current study are summarized as 
follows: 
 This research primarily focused on capturing the effect of concrete confinement on the 
seismic response of flexural-dominated members such as slender bridge columns. Hence 
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there is a need for future studies that explore the effect of SMA lateral reinforcement on 
shear-dominant columns.  
 Concrete confinement provided by only one type of SMA, namely NiTiNb, was considered 
in this study. Further studies on active confinement technique using other types of SMAs 
(e.g. Iron-based SMAs) which exhibit different thermomechanical behavior are needed in 
order to acquire more comprehensive understanding of SMA active confinement and 
broaden its application. 
 In the dynamic testing of RC columns, successive switching of the direction of the seismic 
excitations resulted in significant increase in the columns maximum and residual drifts, 
which was attributed to the impact/shock loading effect. This behavior should be further 
investigated in more depth as it could lead to considerable increase in the risk of 
catastrophic failure of the columns. 
 The bridge columns considered in the experimental and numerical studies were assumed 
to have fixed boundary conditions at the base. However, if bridges are expected to 
experience high degrees of foundation flexibility or soil-structure interaction, more 
rigorous and detailed assumptions and modeling approach will be needed to better predict 
the bridge seismic response.  
 The multi-frame bridge model considered in the numerical study had only one geometric 
configuration. Considering that the overall global response of the bridge system can be 
greatly influenced by its geometric configuration and interactions between adjoining 
frames, several representative configurations of the bridge system need to be taken into 
account in future studies.  
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 In this study, the use of new MTI simulation technique was mainly limited to investigating 
the behaviors of SMA confined RC columns, and was carried out in the non-real-time mode 
which utilized previous test data of concrete cylinders. This new concept of MTI simulation 
could be certainly extended in studying other types of materials or structural behaviors. 
Furthermore, MTI simulation in the real-time mode is currently under development, which 
is expected to perform concurrent material testing under various loading conditions such 
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